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The Effect of Polymer Viscoelasticity on Residual Oil Saturation 
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The University of Texas at Austin, 2018 
Supervisor:  Matthew Balhoff 
Water-based polymers are often used to improve oil recovery by increasing sweep 
efficiency. However, recent laboratory and field work have suggested these polymers, 
which are often viscoelastic, may also reduce residual oil saturation. The objective of this 
work is to investigate the effect of viscoelastic polymers on residual oil saturation in 
sandstones and identify conditions and mechanisms for the improved recovery. Sandstones 
(Bentheimer and Berea) were saturated with either high viscosity (120cp) or low viscosity 
oil (10cp) and then waterflooded to residual oil saturation using either brine only or brine 
followed by an inelastic Newtonian fluid (diluted glycerin). These floods were followed 
by injection of a viscoelastic polymer, hydrolyzed polyacrylamide (HPAM). To maximize 
the polymer solutions relaxation time, polymer solutions were often hydrolyzed at a high 
pH condition (pH>10) and 70°C oven for 3-5 days, and they were neutralized with HCl 
before injections.  
Significant reduction in residual oil was observed for all core floods when the 
polymer had significant elasticity (determined by the dimensionless Deborah number, NDe). 
An average residual oil reduction of 11% OOIP was found during HPAM polymer floods 
for NDe of 1 to 400. HPAM floods with very low elasticity (NDe<0.6) did not result in 
observable reduction in residual oil saturation. Relaxation times of polymers with 
hydrolysis increased by a factor 2-3 without changing much in polymer viscosity at 
polymer equivalent shear rate (20-30s-1), and neutralization with HCl does not reduce 
polymer relaxation time. Capillary numbers from the viscoelastic polymer floods were well 
 viii 
controlled, which indicates that viscoelastic polymer can reduce residual oil saturation. 
Results from CT scans further support these observations.  
A correlation between Deborah number and normalized residual oil saturation 
reduction was developed (an Elastic Desaturation Curve, EDC) based on the core flood 
experiments, and this correlation was successfully implemented into UTCHEM, a chemical 
flooding reservoir simulator. Viscoelastic models (EDC and relaxation time model) were 
validated with the core flood results, and they were also applied on a reservoir model based 
on Oilfield. It was found an additional 3-4%OOIP was recovered from polymer 
viscoelasticity. Finally, microfluidic experiments were performed with Newtonian fluids 
and polymers with low and high elasticities to study the fundamental oil recovery 
mechanisms.  It was observed that trapped residual oil can oscillate upstream a constriction 
when flooded by viscoelastic polymer, but not inelastic fluids. These pore scale 
observations may partially explain the improved recovery in the core scale experiments. 
 
 ix 
Table of Contents 
List of Tables .........................................................................................................xv 
List of Figures .................................................................................................... xviii 
Chapter 1. Introduction ............................................................................................1 
1.1 Motivation and background ......................................................................1 
1.2 Research objective ....................................................................................3 
1.3 Description of the chapters .......................................................................4 
Chapter 2: Background and Literature Review .......................................................5 
2.1 Introduction ...............................................................................................5 
2.2 Residual and remaining oil .......................................................................5 
2.2.1 Remaining oil ................................................................................5 
2.2.2 Residual oil ...................................................................................6 
2.3 Mobility ratio, Dimensionless numbers and Capillary number desaturation 
curve .......................................................................................................9 
2.3.1 Mobility ratio ................................................................................9 
2.3.2 Capillary number, bond number and trapping number ...............10 
Where D is the depth............................................................................11 
2.3.3 Capillary end effects and the Rapport-Leas number ...................11 
2.3.4 Capillary number desaturation curve ..........................................11 
2.4 Polymer flooding ....................................................................................13 
2.5 HPAM polymer properties and rheology ................................................14 
2.5.1 Chemical structure and molecular weight ...................................14 
2.5.2 Bulk rheology..............................................................................16 
2.5.2.1 Shear thinning behavior ..................................................16 
2.5.2.2 Viscoelasticity .................................................................18 
2.5.2.3 Oscillatory shear .............................................................19 
2.5.2.4 Methods for estimating relaxation time ..........................20 
2.5.3 Effects of hardness, salinity and pH on viscosity .......................24 
2.5.4 Degree of hydrolysis ...................................................................25 
 x 
2.5.5 Polymer fluid flow in porous media ...........................................26 
2.5.5.1 Retention .........................................................................27 
2.5.5.2 Permeability reduction ....................................................27 
2.5.5.3 Equivalent shear rate calculation ....................................28 
2.5.5.4 Apparent viscosity and shear-thickening ........................29 
2.5.5.5 Shear correction factor ....................................................31 
2.5.5.6 Deborah number..............................................................32 
2.6 Viscoelastic literature review ..................................................................33 
2.6.1 Lab scale core floods ..................................................................33 
2.6.2 Field scale results ........................................................................36 
2.6.3 Lab scale microfluidics ...............................................................38 
2.6.4 Reservoir simulation studies .......................................................41 
2.7 Hypothesis of polymer viscoelasticity on reducing Sor ...........................43 
Chapter 3: Experimental Materials and Approach .................................................47 
3.1 Introduction .............................................................................................47 
3.2 Displacing Fluids Preparation and Rheology .........................................47 
3.2.1 Rheological properties measurements ........................................47 
3.2.2 Brine ............................................................................................50 
3.2.3 Glycerin.......................................................................................51 
3.2.4 HPAM .........................................................................................53 
3.3 Displaced Fluids Preparation and Rheology ...........................................54 
3.3.1 High Viscosity Oil ......................................................................54 
3.3.2 Low Viscosity Oil .......................................................................55 
3.4 Core Preparation and Coreflood Setup ...................................................55 
3.4.1 Core preparation..........................................................................55 
3.4.2 Core flood setup ..........................................................................57 
3.4.3 Injection Fluids Measurement Equipment ..................................60 
3.4.3.1 Oxidation Reduction Potential Measurement .................60 
3.4.3.2 pH Measurement .............................................................60 
3.5 Core Flood Injection Procedures ............................................................61 
 xi 
3.5.1 Saturating the core with brine .....................................................61 
3.5.2 Iron reduction in the core ............................................................61 
3.5.3 Salinity tracer test .......................................................................62 
3.5.4 Brine Permeability Measurement ...............................................63 
3.5.5 Oil Flood .....................................................................................64 
3.5.6 Waterflood ..................................................................................65 
3.5.7 Glycerin flood .............................................................................66 
3.5.8 Polymer flood..............................................................................66 
3.5.8.1 Polymer flood with dissolved polymer solutions ...........66 
3.5.8.2 Polymer flood with hydrolyzed polymer solutions .........67 
3.5.9 Second Polymer Flood ................................................................70 
Chapter 4. Core Flood Experiments with Viscous Oil ..........................................71 
4.1 Introduction .............................................................................................71 
4.2 Capillary desaturation curve ...................................................................71 
4.3 Rock types in the core flood ...................................................................73 
4.4 List of Coreflood Experiments ................................................................75 
4.5 Core flood results and analysis ...............................................................77 
4.6 Conclusions .............................................................................................95 
Chapter 5 Polymer Hydrolysis Rheology Study ....................................................96 
5.1 Introduction ..........................................................................................96 
5.2 Experimental approach ........................................................................96 
5.3 List of polymer hydrolysis samples .....................................................98 
5.4 List of polymer hydrolysis results over time .....................................101 
5.5 Effects of polymer hydrolysis on relaxation time over time ..............104 
5.5.1 Effects of Polymer Concentration .............................................104 
5.5.2 Effects of pH and salinity .........................................................107 
5.5.3 Effects of hydrolyzed Temperature ..........................................110 
5.5.4 Effect of polymer structure .......................................................112 
5.5 Polymer relaxation time model for HPAM 3630s .............................116 
 xii 
5.6 Comparison of relaxation time and typical viscosity increase over time 
from hydrolysis ..................................................................................120 
5.7 Conclusions ........................................................................................122 
Chapter 6 Core flood experiments with low viscosity oil ....................................123 
6.1 Introduction ...........................................................................................123 
6.2 List of rock types and conditions ..........................................................123 
6.3 List of core flood experiments ..............................................................125 
6.4 Core flood results ..................................................................................128 
6.4.1 Coreflood #1 .............................................................................128 
6.4.2 Coreflood #2 .............................................................................132 
6.2.3 Coreflood #3 .............................................................................137 
6.2.4 Coreflood #4 .............................................................................140 
6.2.5 Coreflood #5 .............................................................................143 
6.2.6 Coreflood #6 .............................................................................146 
6.5 Discussion and analysis ........................................................................149 
6.5.1 First polymer flood ...................................................................149 
6.5.2 Second viscous flood ................................................................151 
Chapter 7 Core Flood and Field Scale Simulation of Viscoelastic Polymer Flooding
.....................................................................................................................156 
7.1 Introduction ...........................................................................................156 
7.2 model development ...............................................................................156 
7.2.1 UTCHEM Reservoir Simulator ................................................156 
7.2.2 Models of polymer properties in UTCHEM .............................157 
7.2.3 Polymer relaxation time model .................................................158 
7.2.4 A new Elastic De-Saturation Curve (EDC) ..............................160 
7.3 Core flood simulations ..........................................................................162 
7.3.2 Coreflood #3 .............................................................................165 
7.3.3 Coreflood #4 .............................................................................168 
7.4 Field case stimulations ..........................................................................169 
7.4.1 Oilfield background ..................................................................169 
 xiii 
7.4.2 3D geological model description ..............................................170 
7.4.3 Simulation cases........................................................................175 
7.4.3.1 Long waterflood injection (w/o polymer flooding) ......175 
7.4.3.2 Polymer flood without VE model after waterflood ......176 
7.4.3.3 Polymer flood with VE model after waterflood ...........179 
7.4.3.4 Summary of three cases ................................................188 
7.4.3.5 Sensitivity analysis........................................................189 
7.5 Conclusions ...........................................................................................191 
Chapter 8:  Viscoelastic Flow in Glass Microchannels .......................................193 
8.1 Introduction ...........................................................................................193 
8.2 Polyethylene oxide (PEO) polymer structure and rheology .................195 
8.2.1 Chemical structure and molecular weight .................................195 
8.2.2 PEO polymer viscosity and elasticity .......................................197 
8.3 Materials and experiment methodology................................................198 
8.3.1 Fluids.........................................................................................198 
8.3.2 Microfluidic experiment setup and microfluidic geometry ......199 
8.3.3 Experimental procedures ..........................................................201 
8.4 Results and discussions .........................................................................202 
8.4.1 Displacements with Newtonian fluids ......................................202 
8.4.2 Displacements with viscoelastic fluids .....................................204 
8.5 Streak line visualizations ......................................................................214 
8.5.1 Microfluidic steak lines study setup .........................................214 
8.5.2 Single-phase waterflood............................................................215 
8.5.3 Single-phase PEO flood ............................................................216 
8.5.4 Two-phase waterflood ..............................................................217 
8.5.5 Two-phase viscoelastic polymer flood .....................................218 
8.7 amplitude (Av) and velocity (vv) of oscillations ...................................220 
8.7 Discussion of oscillations .....................................................................224 
8.8 Conclusions ...........................................................................................228 
 xiv 
Chapter 9 Conclusions and Future Work .............................................................230 
9.1 Conclusions ...........................................................................................230 
9.2 Future work ...........................................................................................235 
Appendix A ..........................................................................................................241 
Appendix B ..........................................................................................................243 
Appendix C ..........................................................................................................246 
Appendix D ..........................................................................................................303 
Appendix E ..........................................................................................................312 
Appendix F...........................................................................................................315 
Appendix G ..........................................................................................................328 
References ............................................................................................................342 
 xv 
List of Tables 
Table 2.1 Summary of polymer flooding projects from 24 countries (March 2015 
Journal of Canadian Petroleum Technology) ...................................14 
Table 2.2 Information on the six blocks applied with polymer flooding ...............37 
Table 3.1 Glycerin dilution viscosity (Industrial & Engineering Chemistry Sept 1951, 
p.2119). .............................................................................................51 
Table 4.1 Rock properties for the Bentheimer cores in the 6 core flood experiments
...........................................................................................................75 
Table 4.2 Experimental conditions (core flood No.1 and No.2 are parallel experiments 
(with the same experimental conditions). Core flood No.2 flooding 
process was scanned with CT scanner; Core No.3 contains low and high 
constant ΔP HPAM flood; Core No.4, 5, and 6 contain low salinity 
chemical floods. No.4 and 5 are repeated experiments and No.6 contains 
low salinity polymer flood with lower viscosity). Fluids rheology 
summary is in Table 4.2a, and flooding results conditions and results are 
summarized in Table 4.2b. ................................................................75 
Table 5.1 Desired polymer solutions used for polymer hydrolysis study on relaxation 
time .................................................................................................100 
Table 5.2 HPAM 3630s polymer hydrolysis results. Terms K and n are fitting 
parameters for the power law model. ..............................................101 
Table 5.3 HPAM 3330s polymer hydrolysis results. ...........................................102 
Table 5.4 HPAM 3330s polymer hydrolysis results. ...........................................103 
Table 6.1 Rock properties for the core flood experiments with low viscosity oil125 
 xvi 
Table 6.2 A summary of displacements in each core flood is shown in Table 6.2. In 
core flood #1-4, hydrolyzed viscoelastic HPAM 3630s polymer 
solutions were used, and rheology data before and after hydrolysis are 
shown in Appendix D. In core flood #2, polymer was hydrolyzed and 
neutralized with HCl before injection. Polymers in core flood #5 and 6 
are not hydrolyzed (salinity details can be found in each core flood 
introduction in 6.4)..........................................................................126 
Table 6.3 A summary of rheology details of each fluid after waterflood in each core 
flood. “N/A” indicates no flood was performed. Terms K and n are 
fitting parameters from power law model, and relaxation time (τ) is from 
G’ and G” crossover model.............................................................126 
Table 6.4 Measured and calculated results (* indicates measured results) of 
waterflood and the first viscoelastic (VE) polymer flood. The first VE 
polymer flood is the 2nd flood for core flood #1-5, and the 3rd flood for 
core flood #6 (v is interstitial velocity, ft/day). ...............................127 
Table 6.5 Compare the effect of polymer hydrolysis on increasing polymer 
viscoelasticity and reducing residual oil saturation. Dissolved polymer 
was used in the core flood No. 1 in Chapter 4. ...............................150 
Table 6.6 summary of the oil recovery results from all six core floods are listed from 
Exp #1 to 6. Exp #7 to 12 are from Erincik (2017), and they were 
performed with 120 cp viscous oil and Bentheimer sandstone cores. 
Those cores were displaced with viscoelastic polymer solutions at low 
salinity, and they were followed by less elastic polymer floods at high 
salinity. ............................................................................................152 
Table 7.1 Summary of core flood results after viscoelastic polymer flooding ....160 
 xvii 
Table 7.2 core floods conditions and results of all four experiments ..................162 
Table 7.3 Polymer rheology input parameters for each core flood ......................163 
Table 7.4 The 5-spot model properties (the injection rate is with a quarter well)170 
Table 7.5 Average oil saturation of each layer after 240 days of waterflooding .176 
Table 7.6 Average oil saturation of each layer after 90 days waterflooding followed 
by 150 days of 2500ppm polymer flooding, and ΔSop1 is the oil 
saturation difference between waterflooding and polymer flooding for 
each layer. .......................................................................................179 
Table 7.7 Average oil saturation of each layer after 90 days waterflooding followed 
by 150days of 2500ppm polymer flooding with the viscoelastic model, 
and ΔSop2 is the oil saturation difference in the polymer flooding with 
and without viscoelastic model for each layer. ...............................181 
Table 8.1 Concentration and rheological properties of solutions ........................199 
Polymer rheology results for CDC curves in Chapter 4 ......................................241 
Polymer rheology results for core floods in Chapter 4 ........................................243 
Polymer rheology results of hydrolysis samples in Chapter 5 .............................246 
Polymer rheology results for core floods in Chapter 6 ........................................303 
Polymer rheology results for microfluidic experiments in Chapter 8 ..................312 
 xviii 
List of Figures 
Figure 1.1 Secondary waterflood and polymer flood were performed on two 
sandstone cores with similar conditions. Residual oil saturation after 
waterflood was about 0.4, but it was much lower from polymer flood 
(less than 0.2) (Wreath, 1989). ............................................................2 
Figure 2.1 Trapped oil in water-wet (left), mixed-wet (middle) and oil-wet (right) 
porous medium. Oil reside in the center of large pores in water-wet rock 
and on oil-wet rock surface (Figure from Ziauddin et al., 2007). ......7 
Figure 2.2 Three different types of residual oil in porous media: oil ganglia that have 
disconnected or snapped off due to capillary forces (Green and Willhite, 
1998; (a)); oil resident in dead end or other stagnant flow pockets (b); oil 
adsorbed onto rock surfaces due to wettability (c). ............................8 
Figure 2.3 The stable displacement interface (low mobility ratio) is shown in (a), and 
the unstable displacement with fingerings is shown in (b). ................9 
Figure 2.4 End cap designs (UT internal reports) ..................................................11 
Figure 2.5 An example of capillary number desaturation curve (adapted from Lake, 
1989) .................................................................................................12 
Figure 2.6 Primary chain monomer is shown in (a), and partially hydrolyzed 
polyacrylamide is in (b) (Sorbie, 1991). ...........................................15 
Figure 2.7 Illustrations of viscoelastic polymers at different polymer concentrations 
shear thinning and shear thickening (Kumar and Mandal, 2017). ....16 
Figure 2.8 Steady sweep frequency rheology results of 1500ppm HPAM3630s with 
80,000ppm NaCl at 25°C. .................................................................17 
 xix 
Figure 2.9 Dynamic frequency test results of 1500ppm HPAM3630s at 30,000ppm 
TDS at 25°C. G’ and G” are elastic and storage modulus. ...............20 
Figure 2.10 Figure (a) shows a typical dynamic frequency sweep test, and raw data 
were fitted with single mode Maxwell model and GMM model. The 
discrete relaxation time spectrum is shown in (b). ...........................22 
Figure 2.11 Carreau-Yasuda regression (viscosity and shear rate are on the y- and x-
axis) (www.anton-paar.com). ...........................................................23 
Figure 2.12 HPAM polymer molecules in (a) low salinity and (b) high salinity 
aqueous solutions (Sorbie, 1990) ......................................................24 
Figure 2.13 HPAM molecules in distilled water is (a), and interactions of polymer 
molecules with monovalent and divalent ions are (b) and (c) respectively 
(Koh, 2015). ......................................................................................25 
Figure 2.14 HPAM polymer hydrolysis diagrams (Levitt and Pope, 2008) ..........26 
Figure 2.15 HPAM polymer apparent viscosity versus shear rates in a porous media 
(Delshad et al., 2008). .......................................................................30 
Figure 2.16 Calculated shear correction factors from core flood experiments using 
HPAM 3630s and 3330s (Koh, 2015)...............................................31 
Figure 2.17 Geological map of six polymer flooding areas (Wang et al., 1998) ..37 
Figure 2.18 Flow regimes in terms of Wissenberg number (Wi) and Re with aqueous 
PEO solution flowing through the micro-geometry ..........................39 
Figure 2.19 Average velocity in the pore center from 84wt% glycerin and 0.12wt% 
HPAM 3630s ....................................................................................40 
Figure 2.20 Water is used to displace pure decane, span80-0.0045wt% in decane, and 
span-1wt% in decane. Trapped oil phase length (L) has a linear 
correlation with Nc,pore
-1/3...................................................................41 
 xx 
Figure 2.21 (a)Normal stress is larger at pore throats when oil droplet is displaced 
with more viscoelastic polymer fluids (higher NDe) (Afsharpoor and 
Balhoff, 2013); (b) Residual oil is stripped off by viscoelastic polymer 
(Wang et al., 2010). ..........................................................................43 
Figure 2.22 0.24wt% Xanthan (low viscoelastic polymer) and 0.24wt% HAPM 3630s 
(high viscoelastic polymer) were injected at the same flow rates in both 
water-wet and oil-wet porous media. Residual oil saturation is much 
lower from displacements with viscoelastic polymer floods. ...........44 
Figure 2.23 (a)Velocity contours of Newtonian and viscoelastic fluids at dead end 
pores (simulated with modified upper-convected Maxwell model) 
(Wang et al, 2007). (b) Viscoelastic polymer swept residual oil trapped 
in dead end pores (Wang et al, 2001). ..............................................45 
Figure 2.24 “Oil thread” stability behavior increases oil recovery (Want et al., 2001).
...........................................................................................................46 
Figure 3.1 Dynamic strain sweep test results of 2000ppm HAPM 3630s with 
1000ppm NaCl and 400ppm NaHCO3 (Erincik, 2017). ...................48 
Figure 3.2 Dynamic frequency results of 2100ppm HPAM 3630, 10000ppm NaCl, 
and 1000ppm NaHCO3 solution. In this example, the G’ and G” crossed 
at frequency of 1.6745rad/s, and relaxation time is calculated as 0.60 
sec. ....................................................................................................49 
Figure 3.3 Steady rate sweep test results of 2100ppm HPAM 3630, 10000ppm NaCl, 
and 1000ppm NaHCO3 solution. .......................................................50 
Figure 3.4 Vacuum filtration kit ............................................................................51 
Figure 3.5 Glycerin and polymer filtration setup ...................................................52 
 xxi 
Figure 3.6 Viscosity of 81wt% glycerin with a salinity of 1%NaCl and 0.1%NaHCO3 
at 25°C. .............................................................................................53 
Figure 3.7 Correlation of diluted oil viscosity to weight percentage of additive 
Decalin (Ehrenfried, 2013). ..............................................................54 
Figure 3.8 Oil filtration setup.................................................................................55 
Figure 3.9 Epoxy core end caps design (UT unpublished reports) ........................56 
Figure 3.10 One-foot-long sandstone core is sealed with 24-hour epoxy, and three 
pressure tabs were drilled on the side evenly laid out. .....................57 
Figure 3.11 Core flood setup. Compressed argon cylinder is used as a pump, and 7 
pressure transducers are attached to the 1 ft. long core, and fractional 
collector is used to collect effluent samples. ....................................58 
Figure 3.12 Teledyne ISCO 500D model syringe pump 
(http://www.teledyneisco.com/en-us) ...............................................58 
Figure 3.13 Two chemical columns were used for high/low salinity and elastic/non-
elastic fluids displacements. They are connected with two three-way 
valves at both ends. ...........................................................................59 
Figure 3.14 Oakton Waterproof ORPTestr@10 (Erincik, 2017) ............................60 
Figure 3.15 pH measurement of 1200ppm HPAM 3630s 10000ppm NaCl and 
400ppm NaHCO3. Value of pH is 8.18 (>7) due to a low concentration 
of NaHCO3. .......................................................................................61 
Figure 3.16 Refractometer and readings ................................................................63 
Figure 3.17 Tracer test was done with brine flooding with different salinities. One 
brine contains 1%NaCl and 0.1%NaHCO3, and it was followed by 
another one containing 4%NaCl and 0.1% NaHCO3........................63 
Figure 3.18 Load degassed polymer solution into a glass accumulator ................67 
 xxii 
Figure 3.19 Rheology results of 2500ppm HPAM with 6000ppm NaCl and 5000ppm 
Na2CO3 before and after hydrolysis. Viscosity versus shear rate results 
are shown in (a). Dynamic frequency sweep results before and after 
hydrolysis are shown in (b) and (c). Relaxation time is increased from 
1.2 to 2.57 sec within 6 days at 70°C. Viscosity is increased from 55 to 
79.5 cp at shear rate of 17s-1, and 41.8 to 58.4 at shear rate of 31s-1.69 
Figure 3.20 First polymer flood solution is in the middle and both inlet and outlet are 
connected to the second polymer flood column on the right ............70 
Figure 4.1 Capillary number desaturation curve of viscoelastic polymer and glycerin 
to oil. Secondary HPAM polymer was injected right after oil flood, and 
it was repeated three times, and named HPAM Secondary 1, 2 and 3 
respectively. Constant differential pressure was increased from low to 
high values. Equation 2.6 is used to calculate capillary numbers from 
constant pressure gradient core floods. Secondary glycerin solution was 
injected right after oil flood at different constant flow rates, and this core 
flood was performed by Youseff Elkady. Same equation is used to 
calculate capillary numbers...............................................................73 
Figure 4.2 Oil saturation versus and oil cut pore volumes for repeated experiments 
No.1. Water was initially injected and then followed by a glycerin flood 
to ensure residual oil saturation was reached. Finally, HPAM was 
injected. All floods were performed at a constant pressure gradient of 10 
psi/ft and both the glycerin/HPAM had the same Capillary number at the 
order of 10-5. The NDe of the HPAM flood from these three core floods 
were 14.83, which resulted in an additional 7.2% and 5% recovery of 
residual oil. ........................................................................................78 
 xxiii 
Figure 4.3 Glycerin and polymer floods data versus pore volumes are shown in (a) 
and (b) respectively. ..........................................................................79 
Figure 4.4 Oil saturation versus pore volumes for repeated experiments No.2. 
Waterflood, glycerin and HPAM floods were injected at 10psi/ft. ..80 
Figure 4.5 Oil saturation changes from waterflooding at 10 psi/ft. Initial oil and 
residual water are shown in (a); oil saturation with a water injection of 
0.15 PV, 0.4 PV, 1.3PV are in (b), (c), and (d) respectively; remaining 
oil after 6 PV water injected (very close to steady state) is in (e). Color 
bar is indicating oil saturation from 0 to 1. Oil recovery from 
waterflooding decreases along the core from inlet (left-end) to outlet 
(right-end). Water front reached one third length of the core with only 
water injection of 0.15 PV and water broke through at 0.4 PV injected. 
Oil saturation barely changes with water injection of 1.3 PV to 6 PV. 
Core flood is operating vertically, but it is showing horizontally in this 
figure. ................................................................................................81 
Figure 4.6 Oil saturation at different pore volumes (0.15, 0.2, 0.4, 0.8, 1.3, 2.5, 3, 4, 5 
and 6PV) of water injections are shown above. Oil saturation reduces 
fast with very little injection of brine (<0.12PV), and oil bank breaks 
through with less than 0.4PV of brine injection. Scanning picture slice 
number from core inlet to outlet is shown on x-axis. .......................82 
Figure 4.7 Oil saturation reductions at each slice along the core from inlet (left-side) 
to outlet (right-side). The declining oil saturation reduction along the 
core indicates better sweep at the entrance and worse to the end. ....83 
 xxiv 
Figure 4.8 (a) and (b) are oil saturation distributions inside the core after 
waterflooding and glycerin flooding at steady state. Color bar has a 
range from 0 to 1. Oil saturation after waterflooding is 0.37, and that 
after glycerin flooding is 0.31, which is another 6% remaining oil 
reductions. Endpoint mobility ratio of viscous glycerin flood is 0.17, 
which further proves the oil saturation after glycerin flood is very close 
to real residual oil saturation. ............................................................83 
Figure 4.9 Image locations along the core are shown in (a). Inlet is on the bottom and 
outlet is on the top. Five images are 1”, 3.5”, 6”, 8.5”, and 11” away 
from the inlet. The range of color bar is from 0.1 to 0.5 to see a better 
comparison. Residual oil saturation after glycerin flood is shown in (b), 
and (c) shows the residual oil saturation after elastic polymer flood. The 
exact values of residual oil saturation reduction from elastic effect in 
each image are listed in (d), which are comparable to the total residual 
oil reduction (5%) from effluent readings. .......................................84 
Figure 4.10 Oil saturations after oil flood (initial oil saturation, Soi), waterflood (Sorw), 
glycerin flood (Sor_gly) and viscoelastic polymer (Sorp) are shown above. 
Scanning slice number from core inlet to outlet is shown on x-axis.85 
Figure 4.11 A summary of oil saturation reductions (ΔSor) after each flood 
(waterflood, glycerin and VE polymer floods) are shown in Figure 4.11. 
Oil saturation reductions from the first half of the core (slice #1 to #17) 
are very constant (~5%), and large variations are found at the end of the 
core. ...................................................................................................86 
 xxv 
Figure 4.12 Pressure data from glycerin flood (left), and polymer flood (right). Global 
pressure along one-foot-long core are both about 10psi. Viscous glycerin 
was displacing less viscous brine, so the local pressure gradient at 
section 1 was high, and the pressure peak decreases from section 1 to 
section 4 (left). Viscoelastic polymer was displacing inelastic viscous 
glycerin, so sectional pressure gradient started low and increased with 
oil bank being accumulated from section 1 to section 4. ..................87 
Figure 4.13 One-foot-long core global capillary number is (a), and local sectional 
capillary numbers are (b), (c), (d) and (e). The y-maximum is the critical 
capillary number (10-4) from CDC cure in Figure 4.1. .....................88 
Figure 4.14 Low NDe polymer displacing oil. Waterflood brine and glycerin solution 
were injected at 10 psi/ft, which is the same as waterflood and glycerin 
flood in the previous two parallel experiments. To reduce the NDe, 
polymer concentration was reduced from 2100ppm to 1800ppm, low 
pressure gradient was decreased to 3 psi/ft. The viscosity of polymer 
solution was measured at 3 sec-1 because of lower pressure gradient. 
After HPAM polymer flood (3 psi/ft) reached steady state, pressure 
gradient was increased to 10 psi/ft with exactly the same polymer. Since 
the polymer had a viscosity of 75cp at shear rate of 3 sec-1, it has an 
apparent viscosity of about 10cp (<75cp) at the pressure gradient of 10 
psi/ft because of higher equivalent shear rate. However, there was still 
another 10% residual oil saturation reduction from the second polymer 
flood. This result indicates strong viscoelastic effect on reducing 
residual oil saturation. .......................................................................89 
Figure 4.15 Glycerin flood was performed at 10psi/ft. ..........................................90 
 xxvi 
Figure 4.16 Pressure data of the second polymer flooding at 10psi/ft ..................91 
Figure 4.17 Three low salinity repeated core floods No.4 (see (a)), 5 (see (b)), and 6 
(see (c)). In all three core floods, waterflood brine, glycerin and HPAM 
polymer have a low salinity of 400ppm NaHCO3. In (a), waterflood 
brine, and glycerin (~75cp) were injected at 10 psi/ft, and polymer 
(~75cp @3sec-1) was injected at 3 psi/ft. In (b), brine, glycerin (~75cp), 
and polymer (~75cp @3sec-1) were all injected at 3 psi/ft. To investigate 
higher polymer velocity on viscoelastic effect, viscosity of both glycerin 
and polymer were reduced to 55cp, and the results are in (c). ..........93 
Figure 4.18 Pressure data from glycerin flood (a), and polymer flood (b). Average 
global pressure along one-foot-long core are both about 3psi. 
Viscoelastic polymer was displacing inelastic viscous glycerin, so 
sectional pressure gradient started low and increased with oil bank being 
accumulated from section 1 to section 4 (b). ....................................94 
Figure 5.1 Polymer hydrolysis procedures: (a) diluted polymers; (b) degas polymer 
ampules and transfer polymer solutions from round bottle flask to the 
polymer ampules; (c) transfer polymer ampules with polymers to the 
vacuuming hydrolysis set-up; (d) seal the ampules with oxygen and 
methane; (e) perform polymer rheology tests from day 0 to steady state 
on each day. ......................................................................................98 
 xxvii 
Figure 5.2 Polymer concentration effect (1500, 3000 and 4500ppm) on relaxation 
time from HPAM 3630s hydrolysis. Solutions with a TDS of 30000ppm 
hydrolyzed at 45°C with NaHCO3 pH (~8) are shown in (a), and 
solutions with Na2CO3 pH (~10.5) are shown in (b).  Solutions with a 
TDS of 30000ppm hydrolyzed at 70°C with NaHCO3 pH (~8) are shown 
in (c) and with Na2CO3 pH (~10.5) are shown in (d). ....................105 
Figure 5.3 Polymer concentration effect (1500, 3000 and 4500ppm) on relaxation 
time from HPAM 3630s hydrolysis. Solutions with a TDS of 80000ppm 
hydrolyzed at 45°C with NaHCO3 pH (~8) is shown in (a) and with 
Na2CO3 pH (~10.5) is shown in (b).  Solutions with a TDS of 80000ppm 
hydrolyzed at 70°C with NaHCO3 pH (~8) is shown in (c) and with 
Na2CO3 pH (~10.5) is shown in (d). ...............................................107 
Figure 5.4 The effect of pH and salinity on relaxation time from polymer HPAM 
3630s hydrolysis. Temperature, TDS and pH are listed in the legend in 
each figure. Polymer solutions with a concentration of 4500ppm are 
shown in (a) and (b); 3000ppm are shown in (c) and (d); 1500ppm are 
shown in (e) and (f). ........................................................................109 
Figure 5.5 The effect of hydrolyzed temperature on relaxation time from polymer 
HPAM 3630s hydrolysis. Temperature, TDS and pH are listed in the 
legend in each figure. Polymer solutions with a concentration of 
4500ppm are shown in (a) and (b); 3000ppm are shown in (c) and (d); 
1500ppm are shown in (e) and (f). ..................................................111 
Figure 5.6 Structure of sulfonated polyacrylamide (FLOPAAM for Enhanced Oil 
Recovery, SNF)...............................................................................112 
 xxviii 
Figure 5.7 Hydrolysis effect from polymer AN-125 with a concentration of 4500 and 
3000ppm on relaxation time and viscosity @s-1 with time are shown in 
(a) to (d) and (e) to (h). Results of polymer solutions with a TDS of 3% 
and hydrolyzed at 45°C are shown in (a) and (e); TDS of 3% and 
hydrolyzed at 70°C in (b) and (f); TDS of 8% and hydrolyzed at 45°C in 
(c) and (g); TDS of 8% and hydrolyzed at 70°C in (d) and (h). .....114 
Figure 5.8 The effect of molecular types on relaxation time were studied with HPAM 
3330s and AN-125 solutions. Figure (a) to (d) are solutions with a 
polymer concentration of 4000ppm, and (e) to (h) are solutions with a 
polymer concentration of 3000ppm. HPAM 3330s and AN-125 have 
similar molecular weight but different polymer structures.  Temperature, 
TDS and pH are listed in the legend in each figure. .......................116 
Figure 5.9 Linear correlation of power law fitting parameter n and normalized 
polymer concentration ([η]×c). .......................................................117 
Figure 5.10 Linear correlation of power law fitting parameter K and normalized 
polymer concentration ([η]×c). .......................................................118 
Figure 5.11 Correlations of relaxation time and normalized polymer concentration 
([η]×c) at low and high pH, and before and after hydrolysis. ........119 
Figure 5.12 Comparison of relaxation time and typical viscosity over time from 
HPAM 3630s hydrolysis at pH of 10.5. ..........................................121 
Figure 6.1 Normalized effluent salinity during the brine tracer test from 50000ppm 
NaCl to 30000ppm NaCl with a Berea sandstone (Lee, 2015). ......124 
 xxix 
Figure 6.2 After oil flood and core aging for two days, waterflood (1%NaCl, 
0.1%NaHCO3 and 0.1%Na2S2O4) was performed at 1ft/day. It was 
followed by the hydrolyzed 2500ppm HPAM 3630s polymer flood 
(TDS=11000ppm, pH~10.3) at 1ft/day. Oil saturation was reduced from 
0.348 to 0.238, and NDe was 68. The salinity was increased to 5%NaCl 
in the following glycerin flood (1ft/day), and oil saturation was reduced 
further down to 0.07. .......................................................................130 
Figure 6.3 Pressure gradients of tertiary polymer flood and quaternary glycerin flood 
at 1ft/day. ........................................................................................131 
Figure 6.4 Polymer 1 is dissolved polymer solution of 2413ppm HPAM 3630s with 
8455ppm NaCl and 3268ppm NaHCO3. Polymer 2 is the hydrolyzed and 
neutralized polymer solution, which has the same polymer concentration 
and salinity with polymer 1. Both polymer 1 and 2 were produced from 
the same mother solution. The viscosity versus shear rate results of both 
polymers are shown in (a), and relaxation time results of polymer 1 
(0.45sec) and 2 (1.09sec) are shown in (b). ....................................134 
Figure 6.5 Waterflood reduced oil saturation from 0.71 to 0.323. It was followed by 
the neutralized polymer injected at 0.5ft/day (NDe=13.16), 6000ppm 
HPAM 3130s with 10000ppm NaCl and 1000ppm NaHCO3 injected at 
0.5ft/day, the neutralized polymer injected at 1ft/day (NDe=26), and 
6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm NaHCO3 
injected at 1ft/day. ...........................................................................135 
Figure 6.6 Pressure data of by the neutralized polymer injected at 0.5ft/day 
(NDe=13.16, (a)) and 6000ppm HPAM 3130s with 10000ppm NaCl and 
1000ppm NaHCO3 injected at 0.5ft/day (b). ..................................136 
 xxx 
Figure 6.7 Pressure data of by the neutralized polymer injected at 1ft/day (NDe=26, 
(a)) and 6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm 
NaHCO3 injected at 1ft/day (b). .....................................................137 
Figure 6.8 Waterflood (1000ppm NaCl, 400ppm NaHCO3, and 400ppm Na2S2O4) 
was performed at 1ft/day, and oil saturation was reduced to 0.383. It was 
followed by a hydrolyzed 1500ppm HPAM 3630s polymer flood with 
the same salinity with waterflood brine at 1ft/day, and oil saturation was 
reduced from 0.383 to 0.336, and NDe was 424. TDS was increased to 
25000ppm in the following 3548ppm FP3630s polymer flood (1ft/day), 
and oil saturation was reduced further down to 0.267. ...................138 
Figure 6.9 Pressure gradients of tertiary low salinity polymer flood and quaternary 
high salinity polymer flood at 1ft/day. ............................................139 
Figure 6.10 Waterflood (6%NaCl, 2%Na2CO3, and 1%Na2S2O4) was performed at 
1ft/day, and oil saturation was reduced to 0.255. It was followed by 
hydrolyzed 2600ppm HPAM 3630s polymer flood with the same salinity 
with waterflood brine at 1ft/day, and oil saturation was reduced from 
0.255 to 0.228, and NDe was 13. Low salinity (5000ppm NaCl) glycerin 
was injected afterwards (1ft/day), and oil saturation was reduced further 
down to 0.01....................................................................................141 
Figure 6.11 Pressure gradients of tertiary high salinity polymer flood and quaternary 
low salinity glycerin flood at 1ft/day. .............................................142 
 xxxi 
Figure 6.12 Waterflood (3000ppm NaCl, 2000ppm Na2CO3, and 400ppm Na2S2O4) 
was performed at 1ft/day, and oil saturation was reduced to 0.322. It was 
followed by hydrolyzed 1500ppm HPAM 3330s polymer flood with the 
same salinity with waterflood brine at 1ft/day, and oil saturation was 
reduced from 0.322 to 0.274, and NDe was 3. TDS was increased to 
30000ppm in the following 2800ppm HPAM 3330s polymer flood 
(1ft/day), and oil saturation was reduced further down to 0.238. ...144 
Figure 6.13 Pressure gradients of tertiary low salinity (a) and quaternary high salinity 
(b) HPAM 3330s polymer flood at 1ft/day. ....................................145 
Figure 6.14 Waterflood (10000ppm NaCl, 1000ppm NaHCO3, and 400ppm Na2S2O4) 
was performed at 1ft/day, and oil saturation was reduced to 0.39. It was 
followed by viscous glycerin flood (54cp) with the same salinity with 
waterflood brine at 1ft/day, and oil saturation was reduced from 0.389 to 
0.346 (ΔSo=4.3%). After the glycerin flood, four polymer floods- 
7000ppm HPAM 3130s (1000ppm NaCl and 1000ppm NaHCO3), 
9000ppm HPAM 3130 (50000ppm NaCl and 1000ppm NaHCO3), 
1200ppm HPAM 3630s (1000ppm NaCl and 400ppm NaHCO3) and 
9000ppm HPAM 3130s (50000ppm NaCl and 1000ppm NaHCO3).147 
Figure 6.15 Pressure results of 7000ppm HPAM 3130s (11000ppm TDS, (a)) and 
9000ppm HPAM 3130s (51000ppm TDS, (b)) injected at 1ft/day.148 
Figure 6.16 Pressure results of 1200ppm HPAM 3630s (1200ppm TDS, (a)) and 
9000ppm HPAM 3130s (51000ppm TDS, (b)) injected at 1ft/day.149 
Figure 7.1 Relaxation time model as a function of polymer concentration (wt%) and 
intrinsic viscosity (cm3/g). ..............................................................159 
 xxxii 
Figure 7.2 The new correlation of normalized oil saturation from viscoelastic polymer 
flood as a function of Deborah number (NDe). When NDe is smaller than 
1, Sorp/Sorw,∞=1, otherwise Sorp/Sorw,∞= 1-0.1329log(NDe). ...............161 
Figure 7.3 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and 1st viscoelastic polymer flood in core flood #1. .....164 
Figure 7.4 UTCHEM pressure results and experimental pressure data from 
waterflooding and polymer flood in core flood #1. ........................165 
Figure 7.5 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and first viscoelastic polymer flood in core flood #3. ..166 
Figure 7.6 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and first viscoelastic polymer flood in core flood #3. ..167 
Figure 7.7 UTCHEM pressure results and experimental pressure data from 
waterflooding and polymer flood in core flood #3. ........................167 
Figure 7.8 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and 1st viscoelastic polymer flood in core flood #4. .....168 
Figure 7.9 UTCHEM pressure results and experimental pressure data from 
waterflooding and polymer flood in core flood #3. ........................169 
Figure 7.10 Description of the 3D oilfield model. The model is 5-spot pattern, which 
includes four injectors in the corners and one producer in the middle.171 
Figure 7.11 Permeability in each numerical layer (x-direction). This model also 
assumes kx=ky=kz. .........................................................................172 
Figure 7.12 Porosity in each numerical layer (x-direction). ................................173 
Figure 7.13 Histogram of permeability (0-8000mD) for the entire 3D geological 
model is shown in (a); (b) is the histogram for porosity (8%-44%), and 
(c) is the histogram of the residual water saturation. ......................175 
 xxxiii 
Figure 7.14 Viscosity parameters fittings Ap1=190.8, Ap2=191 and Ap3=14082.177 
Figure 7.15 Viscosity shear thinning fitting of 2500ppm HPAM 3630s at 65°C to 
determine Pα (1.8) and γ1/2 (0.7s-1)...................................................178 
Figure 7.16 Shear rate of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV injection of polymer 
simulations with viscoelastic model. ..............................................182 
Figure 7.17 Viscosity distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV injection of 
polymer simulations with viscoelastic model. ................................183 
Figure 7.18 Polymer concentration (wt%) distribution of layer 4 at 0.12, 0.5, 0.8 and 
1.0 PV injection of polymer simulations with viscoelastic model..184 
Figure 7.19 Relaxation time distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV 
injection of polymer simulations with viscoelastic model. .............185 
Figure 7.20 Deborah number distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV 
injection of polymer simulations with viscoelastic model. .............186 
Figure 7.21 Oil saturation difference distribution of layer 4 at 0, 0.3, 0.6 and 1.0 PV 
injection of polymer simulations with viscoelastic model. .............187 
Figure 7.22 Summary of oil recovery from long-time waterflooding, waterflooding 
followed by polymer flooding without VE model and waterflooding 
followed by polymer flooding with VE model. ..............................188 
Figure 7.23 Summary of injection pressure of polymer flooding with VE model.189 
Figure 7.24 Summary of oil recoveries from waterflooding followed by polymer 
flooding without VE model and waterflooding followed by polymer 
flooding with relaxation times of 0.8 and 8sec with VE model. .....190 
 xxxiv 
Figure 7.25 Summary of oil recoveries from waterflooding followed by polymer 
flooding with and without VE model at both 500 and 750 STB/Day. At 
500STB/Day, polymer flooding with VE model has an additional oil 
recovery of 4.7%, and 5.02% for 750 STB/Day. ............................191 
Figure 8.1 Streak lines results from single phase 84wt% glycerin (a), 0.24wt% 
xanthan (b), 0.24wt% HPAM 3630s (c) and 0.12wt% HPAM 6040s 
floods. Solutions were flowing from the left to the right at 12µL/min. 
Figure (a) and (b) are indicating laminar flows and (c) and (d) have cross 
streak lines and fluctuations (Clarke et al. (2016)). ........................194 
Figure 8.2 Solutions of 0.24wt% HPAM 3630s and 0.24wt% xanthan were injected at 
60µL/min in both water-wet and oil-wet porous medium. Bright halos in 
(c) and (d) indicate residual oil is not stable (fluctuating), but residual oil 
is stable from non-viscoelastic xanthan displacements Clarke et al. 
(2016). .............................................................................................195 
Figure 8.3 The structure of monomer, ethylene oxide (EO) is shown in (a). Molecular 
structure of polyethylene glycol (PEG) and polyethylene oxide (PEO) is 
shown in (b) (Dontula et al., 1998). The number of monomer, n is 
different for PEO and PEG polymers. ............................................196 
Figure 8.4 (a)Steady shear viscosities of PEO/PEG solutions with concentrations. (b) 
With increasing PEO MW and mass fractions, elastic modulus increases 
at the same frequency (Dontula et al. 1998). ..................................197 
Figure 8.5 Results of steady rate sweep test for 1000ppm PEO (>5M Dalton, Mw) 
with 2%NaCl at 25°C is in (a), and for 5000ppm PEO (1M Dalton Mw) 
is in (b). ...........................................................................................198 
 xxxv 
Figure 8.6 Microfluidic experimental setup including pumps, microscopy, microchip, 
and laptop (Ke et al., 2015). ............................................................200 
Figure 8.7 The contraction-expansion microchip geometry. The widths of main 
channel of pore throat are 300µm and 60µm, respectively. Pore throat is 
300m in length. The main channel and pore throat have 45µm and 
15µm, respectively, in depth. ..........................................................201 
Figure 8.8 Trapped oil droplet displaced with brine (2%NaCl) at flow rates of 8, 15, 
25, 44, 105 and 260 µl/hr. The oil droplet completely went through the 
pore throat at a flow rate higher than 260 µl/hr. Oil droplet size, L is 
shown in the picture at 8 µl/hr. .......................................................202 
Figure 8.9 Trapped oil droplet displaced with 50wt% diluted glycerin (2%NaCl) at 
flow rates of 0.4, 0.8, 2.6, 4.5, 6.8 and 18 µl/hr. The size of the oil 
droplet decreased with increasing glycerin injection flow rate, and the oil 
droplet completely went through the pore throat at a flow rate higher 
than 18 µl/hr. ...................................................................................203 
Figure 8.10 Correlations of trapped oil droplet size versus the in-situ Nc,pore
-1/3 from 
viscous (glycerin) and non-viscous (brine) Newtonian fluids. .......204 
Figure 8.11 2000ppm HPAM 3630s (2% NaCl, τr=0.086s) was injected from low to 
high velocity. (a) to (f) represents that droplet size reduced with 
increasing polymer velocity. Droplet size barely changes at a flow rate 
between 6 and 35 µl/hr as shown in (e) to (h). Oil fluctrates at pore 
throat entrance (h) and (i), and it starts to oscillate when flow rate is 
larger than 40 µl/hr. ........................................................................205 
Figure 8.12 Periodic oscillations of HPAM 3630s-2000ppm at pore throat entrance 
and a flow rate of 75µl/hr. The period is 12 seconds. .....................206 
 xxxvi 
Figure 8.13 1000ppm HPAM 3330s (2% NaCl, τr=0.059s) was injected from low to 
high velocity. Figures from (a) to (f) represent that droplet size reduced 
with increasing polymer velocity. Droplet size reducing rate was slower 
when flow rate was above 30µl/hr as shown in (c) to (h). Oil fluctuates 
at pore throat entrance (e) and (f), and it starts to oscillate when flow rate 
is larger than 120 µl/hr. ...................................................................207 
Figure 8.14 Periodic oscillations of HPAM 3330s-1000ppm at pore throat entrance 
and a flow rate of 260µl/hr. The period is 5 seconds. .....................208 
Figure 8.15 1000ppm PEO (>5M Mw, 2% NaCl, τr=0.066s) was injected from low to 
high velocity. Oil fluctuates at pore throat entrance at 300µl/hr, and it 
starts to oscillate when flow rate is larger than that. .......................209 
Figure 8.16 Oscillations of PEO (>5M MW)-1000ppm at pore throat entrance and a 
flow rate of 600µl/hr. Figures from (a) to (f) are screen shots from the 
recorded oscillation videos at time 0 to 13 seconds. .......................210 
Figure 8.17 5000ppm PEO (1M Mw, 2% NaCl, τr=0.016s) was injected from low to 
high velocity. Oil droplet completely went through the pore throat with 
increasing flow rates. ......................................................................211 
Figure 8.18 Trapped oil droplet size versus Nc,pore
-1/3 for all experiments. ..........212 
Figure 8.19 Trapped oil droplet size versus Deborah umber from five viscoelastic 
polymer floods, where four of them (HPAM 3630s-1000ppm, 3630s-
2000ppm, 3330s-1000ppm and PEO (>5M Mw)-1000ppm) had oil 
droplet oscillations and one (PEO (1M Mw)-5000ppm) did not. ...213 
 xxxvii 
Figure 8.20 Streaks visualization apparatus. All instruments were placed in line, and 
they are Halogen light lamp, Neutral-density filter, microchip, 
microscope, PCO camera and a computer from left to right. Microchip is 
placed on a translation stage to focus the images. ..........................215 
Figure 8.21 Single-phase flow of water at flow rates of 50, 350, 450 and 550µl/hr, Re 
of 1.03, 7.2, 9.26, and 11.32 are shown in (a) to (d). Streak lines stay 
symmetric with increasing flow rates. ............................................216 
Figure 8.22 Single-phase PEO (>5M MW) flows with flux of 200, 300, 400 and 
500µl/hr, Re of 1.17, 1.75, 2.34 and 2.92 are shown in (a) to (d). 
Streak lines were symmetric at low flow rate (a). A vortex formed at one 
corner with further increasing the flow rates, which causes non-
symmetric streak lines.....................................................................217 
Figure 8.23 Pictures of water-oil two-phase flows with flux of 100, 250, 400 and 
560µl/hr, and Nc,pore of 9.3×10
-5, 2.2×10-4, 3.4×10-4 and 4.7×10-4 are 
shown in (a) to (d). Streak lines stay symmetric with increasing flow 
rates at all time. No vortex was observed, and oil droplet went through 
the pore throat. ................................................................................218 
Figure 8.24 PEO polymer-oil two-phase flow with flux of 50, 300, 400 and 450µl/hr 
are shown from (a) to (d). ...............................................................219 
Figure 8.25 Streak lines from 1000ppm HPAM 3330s at 70, 95, 130 and 230 µl/hr are 
showing in (a) to (d). .......................................................................220 
Figure 8.26 Distance analysis example from the recorded videos .......................220 
Figure 8.27 AB distance versus time data during oscillations of HPAM 3630s at 
75μl/hr. ............................................................................................221 
 xxxviii 
Figure 8.28 Moving distance versus time at flow rate of 45, 55, 60 and 75µl/hr are 
shown in (a) to (d). ..........................................................................222 
Figure 8.29 Moving distance versus time at flow rate of 107, 137, 150 and 200µl/hr 
are shown in (a) to (d). ....................................................................222 
Figure 8.30 Moving distance versus time at flow rate of 200, 220, 240 and 260µl/hr 
are shown in (a) to (d). ....................................................................223 
Figure 8.31 Oscillating amplitude (μm) and velocity (μm/s) are represented at one 
standard deviation from the adjusted droplet moving distance 
distribution and velocity distribution from three types of polymer 
solutions HPAM 3630s-2000ppm, HPAM 3630s-1000ppm and HPAM 
3330s- 1000ppm. The amplitude and velocity for each polymer solution 
at different flow rates are shown in (a) and (b). ..............................224 
Figure 8.32 Brine at 15, 25, 44, 105 and 260µl/hr are shown in (a), and glycerin flood 
at 0.4, 0.8, 2.6, 4.5, 6.8 and 18 µl/hr are shown in (b). HPAM 3630s-
2000ppm at 1.6, 1.9, 2.7, 5, 6 and 7 µl/hr are shown in (c), and 
fluctuations at 35ul/hr are shown in (d). HPAM 3330s-1000ppm at 5, 15, 
30, 80 and 100 µl/hr are shown in (e), and fluctuations at 140 µl/hr are 
shown in (f). PEO (>5M MW)-1000ppm at 6.3, 7.6, 10.3, 30, 55 and 
300ul/hr are shown in (g), and PEO (1M MW)-5000ppm at 2, 3, 6.5, 18, 
50 and 110 µl/hr are shown in (h). ..................................................226 
Figure 8.33 Channel cross plots of three stages from polymer displacing oil process.
.........................................................................................................227 
Figure A.1 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in HPAM flood #1 for CDC curves study. ........242 
 xxxix 
Figure A.2 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in HPAM flood #2 for CDC curves study. ........242 
Figure A.3 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in HPAM flood #3 for CDC curves study. ........242 
Figure B.1 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in core flood #1 .................................................244 
Figure B.2 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in core flood #2 .................................................244 
Figure B.3 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in core flood #3a and b ......................................244 
Figure B.4 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in core flood #4 .................................................245 
Figure B.5 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in core flood #5 .................................................245 
Figure B.6 Dynamic oscillation sweep test (a) and steady sweep results (b) for 
polymer solutions in core flood #6 .................................................245 
Figure C.1 1500ppm HPAM 3630s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................247 
Figure C.2 1500ppm HPAM 3630s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................248 
Figure C.3 1500ppm HPAM 3630s, high pH, low salinity, hydrolysis @45°C 
(2%Na2CO3 and 1%NaCl) ..............................................................249 
Figure C.4 1500ppm HPAM 3630s, high pH, low salinity, hydrolysis @70°C 
(2%Na2CO3 and 1%NaCl) ..............................................................250 
 xl 
Figure C.5 3000ppm HPAM 3630s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................251 
Figure C.6 3000ppm HPAM 3630s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................252 
Figure C.7 3000ppm HPAM 3630s, high pH, low salinity, hydrolysis @45°C 
(2%Na2CO3 and 1%NaCl) ..............................................................253 
Figure C.8 3000ppm HPAM 3630s, high pH, low salinity, hydrolysis @70°C 
(2%Na2CO3 and 1%NaCl) ..............................................................254 
Figure C.9 4500ppm HPAM 3630s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................255 
Figure C.10 4500ppm HPAM 3630s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................256 
Figure C.11 4500ppm HPAM 3630s, high pH, low salinity, hydrolysis @45°C 
(2%Na2CO3 and 1%NaCl) ..............................................................257 
Figure C.12 4500ppm HPAM 3630s, high pH, low salinity, hydrolysis @70°C 
(2%Na2CO3 and 1%NaCl) ..............................................................258 
Figure C.13 1500ppm HPAM 3630s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................259 
Figure C.14 1500ppm HPAM 3630s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl).............................................................260 
Figure C.15 1500ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C 
(2%NaHCO3 and 1%NaCl).............................................................261 
Figure C.16 1500ppm HPAM 3630s, low pH, low salinity, hydrolysis @70°C 
(2%NaHCO3 and 1%NaCl).............................................................262 
 xli 
Figure C.17 3000ppm HPAM 3630s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................263 
Figure C.18 3000ppm HPAM 3630s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl).............................................................264 
Figure C.19 3000ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C 
(2%NaHCO3 and 1%NaCl).............................................................265 
Figure C.20 3000ppm HPAM 3630s, low pH, low salinity, hydrolysis @70°C 
(2%NaHCO3 and 1%NaCl).............................................................266 
Figure C.21 4500ppm HPAM 3630s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................267 
Figure C.22 4500ppm HPAM 3630s, low pH, high salinity, hydrolysis @75°C 
(2%NaHCO3 and 6%NaCl).............................................................268 
Figure C.23 4500ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C 
(2%NaHCO3 and 1%NaCl).............................................................269 
Figure C.24 4500ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C 
(2%NaHCO3 and 1%NaCl).............................................................270 
Figure C.25 3500ppm HPAM 3330s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................271 
Figure C.26 3500ppm HPAM 3330s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................272 
Figure C.27 3500ppm HPAM 3330s, high pH, low salinity, hydrolysis @45°C 
(2%Na2CO3 and 1%NaCl) ..............................................................273 
Figure C.28 3500ppm HPAM 3330s, high pH, low salinity, hydrolysis @70°C 
(2%Na2CO3 and 1%NaCl) ..............................................................274 
 xlii 
Figure C.29 4500ppm HPAM 3330s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................275 
Figure C.30 4500ppm HPAM 3330s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................276 
Figure C.31 4500ppm HPAM 3330s, high pH, low salinity, hydrolysis @45°C 
(2%Na2CO3 and 1%NaCl) ..............................................................277 
Figure C.32 4500ppm HPAM 3330s, high pH, low salinity, hydrolysis @70°C 
(2%Na2CO3 and 1%NaCl) ..............................................................278 
Figure C.33 3500ppm HPAM 3330s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................279 
Figure C.34 3500ppm HPAM 3330s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl).............................................................280 
Figure C.35 3500ppm HPAM 3330s, low pH, low salinity, hydrolysis @45°C 
(2%NaHCO3 and 1%NaCl).............................................................281 
Figure C.36 3500ppm HPAM 3330s, low pH, low salinity, hydrolysis @70°C 
(2%NaHCO3 and 1%NaCl).............................................................282 
Figure C.37 4500ppm HPAM 3330s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................283 
Figure C.38 4500ppm HPAM 3330s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl).............................................................284 
Figure C.39 4500ppm HPAM 3330s, low pH, low salinity, hydrolysis @45°C 
(2%NaHCO3 and 1%NaCl).............................................................285 
Figure C.40 4500ppm HPAM 3330s, low pH, low salinity, hydrolysis @70°C 
(2%NaHCO3 and 1%NaCl).............................................................286 
 xliii 
Figure C.41 3000ppm AN-125, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................287 
Figure C.42 3000ppm AN-125, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................288 
Figure C.43 3000ppm AN-125, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl) ...................................................................................289 
Figure C.44 3000ppm AN-125, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl) ...................................................................................290 
Figure C.45 4500ppm AN-125, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) ..............................................................291 
Figure C.46 4500ppm AN-125, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl) ..............................................................292 
Figure C.47 4500ppm AN-125, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl) ...................................................................................293 
Figure C.48 4500ppm AN-125, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl) ...................................................................................294 
Figure C.49 3000ppm AN-125, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................295 
Figure C.50 3000ppm AN-125, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl).............................................................296 
Figure C.51 3000ppm AN-125, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl) ...................................................................................297 
Figure C.52 3000ppm AN-125, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 
and 1%NaCl) ...................................................................................298 
 xliv 
Figure C.53 4500ppm AN-125, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl).............................................................299 
Figure C.54 4500ppm AN-125, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl).............................................................300 
Figure C.55 4500ppm AN-125, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl) ...................................................................................301 
Figure C.56 4500ppm AN-125, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 
and 1%NaCl) ...................................................................................302 
Figure D.1 Polymer (before and after hydrolysis) (a) and glycerin (b) viscosity 
rheology results in core flood #6.1 .................................................304 
Figure D.2 Dynamic oscillation rheology results of polymer solution before and after 
hydrolysis in core flood #6.1 ..........................................................304 
Figure D.3 Dynamic oscillation rheology results of 2500ppm HPAM 3630s with 
6000ppm NaCl and 5000ppm Na2CO3 at day 0 (a), hydrolyzed at day 5 
(b) and neutralized with diluted HCl (c). Dynamic oscillation rheology 
results of 6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm 
NaHCO3 (d) in core flood #6.2. ......................................................305 
Figure D.4 Steady sweep rheology results of 2500ppm HPAM 3630s with 6000ppm 
NaCl and 5000ppm Na2CO3 at day 0, hydrolyzed at day 5 and 
neutralized with diluted HCl are shown in (a). Dynamic oscillation 
rheology results of 6000ppm HPAM 3130s with 10000ppm NaCl and 
1000ppm NaHCO3 (b) in core flood #6.2. ......................................306 
Figure D.5 Low salinity polymer (before and after hydrolysis) (a) and high salinity 
polymer viscosity (b) rheology results in core flood #6.3. .............306 
 xlv 
Figure D.6 Dynamic oscillation rheology results of polymer solution before and after 
hydrolysis in core flood #6.3. .........................................................307 
Figure D.7 Polymer (before and after hydrolysis) (a) and glycerin (b) viscosity 
rheology results in core flood #6.4. ................................................307 
Figure D.8 Dynamic oscillation rheology results of polymer solution before and after 
hydrolysis in core flood #6.4. .........................................................308 
Figure D.9 Steady sweep rheology results of the 1st and 2nd polymer solutions in core 
flood #6.5. .......................................................................................308 
Figure D.10 Dynamic oscillation rheology results of the 1st and 2nd polymer flood 
solutions in core flood #6.5. ............................................................309 
Figure D.11 Steady sweep rheology results of 7000ppm HPAM 3130s, 9000ppm 
HPAM 3130s and 1200ppm HPAM 3630s at the same salinity of 
1000ppm NaCl and 400ppm NaHCO3 are shown in (a), (b) and (c) 
respectively. ....................................................................................310 
Figure D.12 Dynamic oscillation rheology results of 7000ppm HPAM 3130s, 
9000ppm HPAM 3130s and 1200ppm HPAM 3630s at the same salinity 
of 10000ppm NaCl and 1000ppm NaHCO3 are shown in (a), (b) and (c) 
respectively. ....................................................................................311 
Figure E.1 Steady sweep rheology results (a) and dynamic oscillation rheology (b) 
results of 2000ppm HPAM 3630s with 2% NaCl. ..........................313 
Figure E.2 Steady sweep rheology results (a) and dynamic oscillation rheology (b) 
results of 1000ppm HPAM 3630s with 2% NaCl. ..........................313 
Figure E.3 Steady sweep rheology results (a) and dynamic oscillation rheology (b) 
results of 1000ppm HPAM 3330s with 2% NaCl. ..........................313 
 xlvi 
Figure E.4 Steady sweep rheology results (a) and dynamic oscillation rheology (b) 
results of 1000ppm PEO (>5M MW) with 2% NaCl. ....................314 
Figure E.5 Steady sweep rheology results (a) and dynamic oscillation rheology (b) 
results of 5000ppm PEO (1M MW) with 2% NaCl. .......................314 
  
 1 
Chapter 1. Introduction  
1.1 MOTIVATION AND BACKGROUND 
Waterflooding is commonly used as a secondary recovery method in oil reservoirs, 
but more than 60% of the original oil in place (OOIP) is often left unrecovered after a 
waterflood (Statter and Iqbal, 2007, p.359). This unrecovered oil is classified as either 
“remaining” or “residual” oil. Remaining oil is oil that is bypassed or unswept by the low-
viscosity displacing fluid (water) in the heterogeneous reservoir. The amount of remaining 
oil increases with reservoir heterogeneity and the mobility ratio between the displacing 
(water) and displaced (oil) fluids. Polymer flooding can be used as an enhanced oil 
recovery method to reduce the mobility ratio and thus increase the sweep efficiency and 
recover remaining oil. Residual oil is oil that is trapped by capillary forces. 
The conventional wisdom is that polymer flooding can provide improved sweep 
efficiency, but it does not reduce residual oil once capillary trapping forces dominate the 
viscous forces (Lake, 1989; Sorbie, 1991; Green and Willhite, 1998). Despite this 
understanding of capillary forces and the belief that polymers should have no effect on 
residual oil saturation, recent field and laboratory work of some polymers (those that are 
viscoelastic) has suggested otherwise (Wreath, 1989; Wang et al., 2000; Wang et al., 2001; 
Xia et al., 2004). Wreath (1989) compared a secondary waterflood and polymer flood for 
similar oil saturated, Antolini sandstone cores, and it was found that the final oil saturation 
after the polymer flood was much lower (~20%) than that from the waterflood (~40%) 
(Figure 1.1).  
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Figure 1.1 Secondary waterflood and polymer flood were performed on two sandstone 
cores with similar conditions. Residual oil saturation after waterflood was 
about 0.4, but it was much lower from polymer flood (less than 0.2) (Wreath, 
1989).    
The 20% OOIP difference in oil recovery may indicate that viscoelastic polymers 
can reduce residual oil saturation. However, improved recovery could have been from 
improved sweep efficiency, the pore structure of the two cores were different, or other 
unknown variables. A more systematic research approach is required to definitively 
determine the effect of viscoelasticity on residual oil saturation. A hypothesis for 
viscoelastic polymers reducing residual oil is that long chain viscoelastic polymer 
molecules experience high stress at pore throats (high geometry deformations), and the 
resulting high normal force mobilizes some of the trapped oil and oil recovery is increased 
(Alsharpoor and Balhoff, 2013; Ehrenfried, 2013). Another hypothesis is that polymer 
elasticity can protect oil filaments from snapping off, which improves oil recovery (Huh 
and Pope, 2008). 
 The relative elasticity of a flowing polymer fluid is defined by the Deborah number 
(NDe, a dimensionless number), which is the ratio of a polymer relaxation time to the 
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characteristic residence time in elongating and contracting flow regimes of a particular 
porous medium (Marshall and Metzner, 1967; Delshad et al., 2008). An elastic polymer 
flood with a high Deborah number (more elastic), may lower residual oil saturation; this 
hypothesis will be tested in my work.  
1.2 RESEARCH OBJECTIVE 
To have a systemic study on the effect of polymer viscoelasticity on reducing 
residual oil, core flood experiments are performed. Oil with both low and high viscosities 
(10 and 120cp) will be used, and two different types of sandstones, Bentheimer and Berea, 
are chosen because of their relatively high permeability and homogeneity.  
In the core floods with viscous oil (120cp), sandstones are flooded first with brine, 
and then followed by viscous, Newtonian glycerin solutions to reach residual oil saturation. 
After the glycerin flood, a viscoelastic polymer flood with a similar capillary number is 
performed to study if polymer viscoelasticity can reduce residual oil. A CT Scanner can be 
used to visualize residual oil and its change between floods. In the core floods with the low 
viscosity oil (10cp), a viscoelastic polymer flood is performed right after the waterflood 
due to a stable waterflood displacement. Deborah numbers of all the viscoelastic polymer 
flood are calculated and compared.  
To maximize the Deborah numbers from the viscoelastic polymer floods, the 
easiest way is to increase polymer injection flow rate, however, it is not feasible in the 
oilfield. Therefore, a systematic polymer hydrolysis study is performed to investigate if 
polymer hydrolysis (of soft brines) can increase polymer relaxation time without increasing 
the viscosity as much. Polymers with three different types of molecular weight (Mw) are 
hydrolyzed at three different pH’s controlled by NaHCO3 and Na2CO3. Hydrolyzed 
polymers is neutralized with HCl before core flood injections.  
The eventual goal of this work is to apply to the field scale and predict the effect 
on recovery. No reservoir simulator currently exists that predicts the effect of 
viscoelasticity using models based on real data or theory. Therefore, an objective of this 
work is to develop a model or correlation of residual oil saturation versus Deborah number 
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(NDe) and the implemented into a reservoir simulator (UTCHEM).  A reservoir simulation 
study is conducted to compare to the laboratory core flood results and then used to 
determine if injection of a viscoelastic polymer could improve recovery in a real oilfield. 
The last part of my study is to investigate the fundamental mechanisms of reducing 
residual oil by polymer viscoelasticity. Microfluidic experiments provide a way to 
visualize flow and transport of fluids at scales comparable to pores and throats. Both single 
phase and multiphase (immiscible displacement) can be studied in these microfluidic 
devices. Single micro pore throat geometry will be used to study the flow behaviors of 
Newtonian fluids (water and viscous glycerin), polymers of low elasticity and polymers of 
high elasticity.  
1.3 DESCRIPTION OF THE CHAPTERS 
  This dissertation includes 9 chapters. Chapter 2 includes detailed polymer 
viscoelasticity background introduction and literature review of related literatures. Chapter 
3 mainly focuses on the materials and approach for the experimental work in Chapter 4 and 
6. Chapter 4 includes core flood experiments with viscous oil (120cp), and a core flood 
with CT scanner is also included in this chapter. Polymer hydrolysis study with soft brines 
is introduced in Chapter 5, where three different types of polymers are studied. Chapter 6 
includes core floods with low viscosity oil (10cp) and two different sandstone rocks 
(Bentheimer and Berea). Other differences from the core floods in Chapter 4 include: 1) 
viscoelastic polymer is hydrolyzed; 2) another elastic/inelastic solution is injected after the 
1st viscoelastic polymer flood. Viscoelastic polymer models including the EDC and 
relaxation time models are implemented into the UTCHEM reservoir simulator. The 
models are validated with core flood results in Chapter 6, and they are also applied in a 
reservoir model, which is based on an oilfield. These simulation work is included in 
Chapter 7. Chapter 8 includes the microfluidics work to study the fundamental viscoelastic 
polymer behaviors in both single and two-phase flows at pore scale. Conclusions and future 
work are summarized in Chapter 9.  
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Chapter 2: Background and Literature Review  
2.1 INTRODUCTION  
Enhanced oil recovery (EOR) is a recovery stage in which advanced technologies 
are used to produce additional oil beyond primary recovery and waterflooding. 
Waterflooding in oil reservoirs is usually able to recover less than 40% of the original oil 
in place (OOIP) (Statter and Iqbal, 2007, p.359) because of low water viscosity (poor 
mobility ration) and reservoir heterogeneities. The unrecovered oil after a waterflood is 
classified as either “residual” or “remaining” oil. Remaining oil is defined here as oil that 
is unswept by the waterflood. Remaining oil would theoretically be recovered by an infinite 
number of pore volumes of injected water (or a more viscous displacing fluid). Residual 
oil is defined as oil that is trapped by capillary forces and therefore cannot be theoretically 
recovered by additional waterflooding 
2.2 RESIDUAL AND REMAINING OIL 
2.2.1 Remaining oil 
Remaining oil is oil that is unswept or bypassed from a low viscous fluid 
displacement (high mobility ratio) and is the result of viscous fingering (Green and 
Willhite, 1998). Both high reservoir heterogeneity and a high mobility ratio increase the 
amount of the remaining oil.  
The volume of a reservoir contacted by injected fluids is characterized by the 
volumetric sweep efficiency (Ev). Volumetric sweep is defined as the ratio of reservoir pore 
volume (PV) invaded by the displacing fluids to the total PV. Volumetric sweep is a type 
of macroscopic efficiency and the corresponding microscopic efficiency is characterized 
as ED. Overall sweep efficiency (E) is, 
v DE E E  (2.1) 
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 In a reservoir, a high overall sweep efficiency (lower remaining oil) depends on the 
properties of the displacing (e.g. water/polymer/surfactants) and displaced fluids (e.g. oil), 
geological reservoir rock characteristics, and injection and production well patterns. For a 
reservoir with multiple layers, volumetric sweep can be given by, 
v IAE E E  (2.2) 
Where EA is the areal sweep efficiency and EI is vertical sweep efficiency. Areal sweep 
efficiency is the fraction of swept reservoir area, and vertical sweep efficiency is the ratio 
of pore space invaded by the displacing fluids to the pore space enclosed in all layers behind 
the location of the leading edge (Green and Willhite, 1998). 
Waterflooding does not generally have a stable displacement (and therefore has a 
low overall sweep efficiency) because of low fluid viscosity and reservoir heterogeneity. 
Much of the unrecovered oil is unswept. Polymers are often used as a viscous displacing 
fluid in EOR because they significantly reduce the mobility ratio from waterflooding and 
recovers most of the remaining oil.  
2.2.2 Residual oil  
 The trapping of oil in a porous medium (a reservoir) is attributed to many 
mechanisms dependent on porous medium pore structure, wettability and fluid/fluid 
interactions (interfacial tension, IFT) (Green and Willhite, 1998). At small pore throats in 
a porous medium, capillary forces are balanced with viscous forces from the continuous 
displacing fluids, and isolated oil drops will be trapped. Displacing fluids with different 
velocities and viscosities generate different viscous forces, which can be reflected by the 
pressure gradient along the fluid. Capillary forces depend on pore throat sizes and IFT; 
they are larger for   smaller pore throat sizes and larger IFT. Capillary pressure is defined 
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as the difference between the nonwetting and wetting phases and can be related to the pore 
size, contact angle, and IFT by the Young Laplace equation,  
2 cos
cP
R

 
 (2.3) 
Where R is the curvature of the interface; σ is the interfacial tension and θ is the contact 
angle. 
The trapped oil drops are held by capillary forces, which are balanced with viscous 
forces,; the oil drops tend to be trapped in the larger pores as shown qualitatively in the 
cartoon of the water-wet and mixed-wet porous medium in Figure 2.1. In an oil-wet porous 
medium, the wetting phase, oil, tends to be attached to rock surfaces (Figure 2.1, oil-wet 
porous medium). 
 
Figure 2.1 Trapped oil in water-wet (left), mixed-wet (middle) and oil-wet (right) porous 
medium. Oil reside in the center of large pores in water-wet rock and on oil-
wet rock surface (Figure from Ziauddin et al., 2007). 
Residual oil is defined as “oil remaining behind in a thoroughly water-swept region 
of a permeable medium” (Lake, 1989). Based on this definition, residual oil includes: 1) 
oil ganglia that have disconnected or snapped off due to capillary forces (Green and 
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Willhite, 1998; Figure 2.2 (a)); 2) oil resident in dead end or other stagnant flow pockets 
(Figure 2.2 (b)); 3) oil adsorbed onto rock surfaces due to wettability (Figure 2.2 (c)) It 
does not include: mobile oil from a time-abbreviated waterflood; bypassed oil caused by 
heterogeneities; oil that has not been contacted by an aqueous interface due to larger scale 
heterogeneities and flow barriers (Lake, 1989; Ehrenfried, 2013).  
 
Figure 2.2 Three different types of residual oil in porous media: oil ganglia that have 
disconnected or snapped off due to capillary forces (Green and Willhite, 1998; 
(a)); oil resident in dead end or other stagnant flow pockets (b); oil adsorbed 
onto rock surfaces due to wettability (c).  
Chemical EOR methods aiming to increase viscous forces by increasing displacing 
fluid viscosity (e.g. polymer flooding), reducing IFT (e.g. surfactants/alkali), or both to 
improve oil recovery beyond waterflooding. Surfactants can be used to obtain ultralow IFT 
(<0.001 dynes/cm) by creating microemulsions with suitable surfactants/alkali 
formulations and crude oil conditions. A large amount of crude oil and brine are solubilized 
at ultralow IFT, and trapped residual oil can be mobilized and recovered. Alkali-polymer 
(AP), Alkali-surfactant-polymer (ASP) and surfactant-polymer (SP) flooding are popular 
EOR techniques to reduce Sor. The conventional understanding is that polymer flooding 
itself cannot reduce Sor, because most polymers do not reduce IFT and typical reservoir 
rates (~1 ft/day) do not result in high enough viscous forces (even for viscous polymers) to 
overcome strong capillary forces.      
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2.3 MOBILITY RATIO, DIMENSIONLESS NUMBERS AND CAPILLARY NUMBER 
DESATURATION CURVE  
2.3.1 Mobility ratio 
The mobility ratio (M) is the ratio of the mobility (λ) of the displacing fluid to the 
displaced fluid, and it is defined as 
rw
displacing fluids w
rodisplaced fluids
o
k
M
k
 


   
(2.4) 
 Where krw and kro are the relative permeability of the displacing (e.g. water) and 
displaced (e.g. oil) phases, respectively and µw and µo are viscosities of the displacing and 
displaced fluids, respectively. A favorable mobility ratio (<1) indicates a stable 
displacement (Figure 2.3(a)), which improves sweep efficiency and oil recovery. A 
displacement with an unfavorable mobility is unstable, and viscous fingering results in  
bypassed/upswept oil (Figure 2.3(b)). 
           
(a)                                                   (b) 
Figure 2.3 The stable displacement interface (low mobility ratio) is shown in (a), and the 
unstable displacement with fingerings is shown in (b).   
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2.3.2 Capillary number, bond number and trapping number 
Capillary number (Nc) is a dimensionless number, defined as the ratio of viscous  
to capillary forces as shown in Equation 2.5. 
,1
w
c
u
N 


 (2.5) 
Where u is the Darcy flow velocity and σ is the interfacial tension between the displaced 
and displacing fluids. Capillary number can also be defined as shown in Equation 2.6 
(Brownell and Katz, 1947; Stegemeier, 1977), 
c
k
N


  (2.6) 
Where k is the single-phase permeability to brine, and ∇Ф is the local pressure gradient. In 
this work, equation 2.6 is primarily used and is believed to be the more fundamental 
definition. 
When buoyancy forces are not negligible, the Bond number, NB (Equation 2.7) is 
used to show the ratio of gravity to capillary forces (Boom, et al., 1995). Gravitational 
acceleration is g, and ρw and ρo are the density of the displacing and displaced phases.  
   
( )w o
B
kg
N
 


  (2.7) 
Jin (1995) created a more general dimensionless number, the trapping number, NT 
(Equation 2.8), which combines viscous, capillary and buoyancy forces together on the 
trapped phase.  
   
( ( )
w
w w o
T
k g D
N
 

   
  (2.8) 
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Where D is the depth. 
2.3.3 Capillary end effects and the Rapport-Leas number  
In laboratory core flood experiments (usually inches to a few feet in length), the 
end of the core contacts another medium, where capillary pressure is zero. To reach 
capillary pressure equilibrium at steady state, the capillary pressure at the very end of the 
core (still inside) must be equal to the outside capillary pressure (zero), and wetting phase 
is accumulated at the end of the core (Peters, 2012). This effect is observed in the laboratory 
but not at the reservoir scale. Capillary end effect is a function of the core length, velocity, 
and displacing fluid viscosity. When the Rapport-Leas number, defined as Lvµw (v is 
interstitial velocity), is greater than 3.5 cp cm2/min, capillary end effects are assumed 
negligible (Rapport and Leas, 1953).  
Other end effects are also possible in experimental core studies. For example, a gap 
between core and end piston may cause  oil  to be trapped in the gap. To minimize the 
effect of this geometric end effect, the contact face end piston should be designed as shown 
in Figure 2.4 (a) rather than (b).  
 
Figure 2.4 End cap designs (UT internal reports) 
2.3.4 Capillary number desaturation curve 
Reducing trapped oil is one goal of many EOR methods. It is observed 
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experimentally that residual oil saturation remains almost constant with increasing 
capillary number at low Nc, but decreases rapidly with Nc above a critical capillary number 
(~10-4 to 10-6)  as shown in Figure 2.5. The figure is known as a capillary number 
desaturation curve (CDC) and is used as the basis for developing many EOR strategies.      
 
Figure 2.5 An example of capillary number desaturation curve (adapted from Lake, 1989) 
The CDC and critical capillary number varies by rock type. Pore size distribution, 
average pore size, the ratio of pore-body to throat size and wettability significantly affect 
the critical capillary number. Generally, the critical capillary number is higher for more 
homogenous media and media with larger pore throat sizes.  
Under typical field waterflood conditions, the capillary number is well below the 
critical capillary number; it must be increased by two or three orders of magnitude to 
exceed the critical capillary number in order to reduce residual oil (Wreath, 1989). From 
Equation 2.6, increasing pressure gradient or decreasing interfacial tension between oil and 
water can increase the capillary number. For the same Darcy velocity, viscous polymers 
can provide a higher pressure gradient (and therefore higher capillary number) but these 
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capillary numbers are still well below the “knee” of the CDC for typical reservoirs. For 
reservoirs with small pore sizes and low permeability, a practical way to reduce the critical 
capillary number is reducing interfacial tension including the use of surfactant flooding or 
other wettability alteration technologies. However, using viscous fluids (polymers) are not 
generally believed to reduce residual oil saturation. 
2.4 POLYMER FLOODING 
Aqueous polymer as a viscous water agent is injected into reservoirs with the goal 
of reducing water mobility (Lake, 1989). Polymer flooding is used to increase sweep 
efficiency by: 1) reducing mobility ratio by increasing water-phase viscosity; 2) reducing 
effective permeability (profile control) to improve sweep efficiency from the following 
waterflooding.  
The first polymer floods were conducted in the early 1960s (Pye, 1964; Sandiford, 
1964; Mungan et al., 1966; Gogarty, 1967). In field applications, a typical injection 
sequence includes a brine preflush, polymer flood, fresh water buffer flood and driving 
water flood (Lake et al., 2015).  Commonly-used polymers for enhanced oil recovery are 
hydrolyzed polyacrylamide (HPAM) and a biopolymer, xanthan gum (Sheng, 2010), with 
HPAM being the most common. 
 All reservoirs are not suitable for polymer flooding; polymer screening is an 
important step in the development of a polymer flood. A few critical screening criteria are: 
(1) reservoir temperature, (2) formation-water salinity, (3) divalent contents, (4) clay 
content, (5) oil viscosity and (6) formation permeability (Sheng et al., 2015). Table 1 
summarizes the number of polymer flooding projects from 24 countries (Journal of 
Canadian Petroleum Technology).  
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Table 2.1 Summary of polymer flooding projects from 24 countries (March 2015 Journal 
of Canadian Petroleum Technology) 
 
Polymer flooding is generally applied to reservoirs with an oil viscosity of less than 
200cp (Brashear and Kuuskrra, 1978; Chang, 1978; Taber et al., 1997; Al-Bahar et al., 
2004; Sheng et al., 2015). Polymer applications to highly viscous oil reservoirs are, 
however, becoming common. Saleh et al. (2014) reported the oil viscosity criterion for 
polymer flooding can be as high as 5000cp. Delamaide et al. (2014) reported the first 
successful polymer flooding with heavy oil (1000-2500cp), and oil recovery was increased 
from 15% to 21% OOIP. Oil recovery mechanisms from polymer flooding with heavy oil 
are still unclear (Sheng et al., 2015). Polymer flooding can also be used as a stable driving 
flood followed by a surfactant or gas slug. 
2.5 HPAM POLYMER PROPERTIES AND RHEOLOGY 
2.5.1 Chemical structure and molecular weight 
HPAM is a synthetic polymer with a random coil structure in aqueous solution 
(Sorbie, 1991). It has a straight chain of acrylamide monomers (Figure 2.6).  
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(a) (b) 
Figure 2.6 Primary chain monomer is shown in (a), and partially hydrolyzed 
polyacrylamide is in (b) (Sorbie, 1991).   
 Some of the acrylamide monomers are hydrolyzed where amide groups (CONH2) 
are converted to carboxyl groups (COO-) as shown in (b). The HPAM molecule is a double 
helix structure with less rigidity (unlike xanthan), which allows the molecules to both 
stretch out and relax when sheared.  
Viscosity and elasticity are two important rheological properties of HPAM; both 
increase with polymer molecular weight (MW). With the current HPAM manufacturing 
technologies, very large MW polymers can be synthesized. The high MW polymers have 
longer chains and larger hydraulic diameter in aqueous solutions than low MW polymers. 
A typical HPAM MW range is between 2 and 25 million g/mole (Sheng et al., 2015). With 
the same mass (by weight) of polymer injected, more oil can be recovered from the higher 
MW polymers (Sheng, 2010). However, high MW polymers also have injectivity 
limitations in low permeability rocks/reservoirs due to ground injectivity supply and bigger 
molecular size than pore throats.   
In this work, three different molecular weight HPAM polymers were used- 
FP3630s (18-20 million g/mole), FP3330s (8-12 million g/mole) and FP3130s (3-4 million 
g/mole).  
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2.5.2 Bulk rheology  
2.5.2.1 Shear thinning behavior  
HPAM polymer molecule chains are loose and coiled; they are entangled and 
randomly oriented in aqueous solutions. Entangled polymer molecules are lined up facing 
the direction of shear forces (Figure 2.7), which reduces viscosity.  
 
Figure 2.7 Illustrations of viscoelastic polymers at different polymer concentrations shear 
thinning and shear thickening (Kumar and Mandal, 2017).  
The bulk rheology of HPAM solutions generally have a Newtonian plateau (contact 
viscosity) at low shear rates, are shear thinning (pseudoplastic) at intermediate shear rates, 
and   reach another Newtonian plateau at high shear rates. A typical way to observe the 
shear thinning behavior is from steady sweep rheology test (viscosity versus shear rates). 
Figure 2.8 is an example of 1500ppm HPAM 3630s with 80,000ppm NaCl at 25°C. The 
low shear Newtonian plateau and shear thinning regimes are observed; high shear rates 
were not measured and no high-shear plateau is observed. 
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Figure 2.8 Steady sweep frequency rheology results of 1500ppm HPAM3630s with 
80,000ppm NaCl at 25°C.  
Polymer viscosity is shear rate dependent, and there are a few published empirical 
models, including the power law (Ostwald, 1925) and Carreau models (Carreau, 1972; Bird 
et al., 1987). The power-law model is the simplest and most widely used, which is 
expressed as,  
                             1napp K
   (2.9) 
Where K and n are the power law coefficient (Pa-sn) and shear-thinning index 
(dimensionless), respectively, and they are fitting parameters for viscosity data from 
rheometer steady sweep rheology tests. Newtonian fluids are not shear thinning, the 
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viscosity is independent of shear rate and n = 1; n is between 0 and 1 for polymers with 
shear thinning effects like HPAM.  
The Carreau model accounts for the Newtonian plateaus at low and high shear rates 
and is given by,  
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Where µ0 and µ∞ are viscosity at shear rate of zero and infinity, and n is the same fitting 
parameter in the power law model.  
Another popular polymer viscosity model, Meter’s equation (Meter and Bird, 
1964),  can also model shear-thinning polymer rheological behavior (Equation 2.11),  
0
1
1/2
1 ( )
p
P
w
p w
 
 
 




   (2.11) 
Where µp is the apparent viscosity; 1/2 is the shear rate where polymer solution viscosity 
is half of the summation of 
0
p and w ; Pα is an empirical fitting parameter.  
2.5.2.2 Viscoelasticity 
  Viscoelastic fluids have characteristics of both a viscous fluid and an elastic solid. 
They return back to the original configuration after being stretched, and the relaxation time 
is the time that molecules take to respond. Genes (1974) suggested that polymer molecules 
are elastic during molecules coil-stretch transitions in elongational flows. When an ideal 
solid is deformed with a small displacement by a small shear stress, the stress and strain  
are related by Hooke’s law (Equation 2.12), 
                             'G   (2.12) 
Where τ is shear stress, G’ is the elastic modulus of the material, and   is the strain.  
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Viscoelasticity can be classified as linear and non-linear. Linear viscoelastic fluids 
are those solutions which have a linear relationship between strain and stress, and the 
deformations are generally small (nearly no-flow conditions). The Maxwell model is a 
simple constitutive model for viscoelastic fluids that idealizes the fluid as a spring (elastic) 
and dashpot (viscous) resistances in series. When deformation or the rate of deformation is 
large, linear viscoelasticity does not apply and more complex models are required.  
2.5.2.3 Oscillatory shear 
 Viscoelastic behavior can be measured using a dynamic frequency sweep test, 
where a small-amplitude oscillation shear strain is applied on the fluid sample. The elastic 
(G’) and storage (G”) modulus are measured at a constant strain. Both G’ and G” are 
functions of angular frequency (ω), and they show the stress response from the viscoelastic 
sample under oscillatory shear. The dynamic frequency test employs a similar principle. 
Figure 2.9 is an example of dynamic frequency sweep test results of polymer solutions of 
1500ppm HPAM3630s at 30,000ppm TDS. The  G’ and G” curves crossed at a shear rate 
of 7s-1. At a shear rate smaller than 7s-1, the storage modulus (G”) is larger than the loss 
modulus (G’), and the shear force is smaller than the force holding the elastic polymer 
molecular (microstructure). The sample is solid-like and it will not move. But when the 
shear force is larger than 7s-1, G’ is larger than G”. The shear force overcomes the force 
inside the microstructure, and the molecules start to move, which makes the sample to be 
liquid like. Therefore, G’ and G” will cross at a frequency characteristic of the reciprocal 
relaxation time.   
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Figure 2.9 Dynamic frequency test results of 1500ppm HPAM3630s at 30,000ppm TDS 
at 25°C. G’ and G” are elastic and storage modulus.  
2.5.2.4 Methods for estimating relaxation time 
Methods of estimating polymer relaxation time are based on experimental 
measurements or from theoretical polymer molecule dynamics (Delshad et al., 2008). 
These models include the G’ and G” crossover point model (Volpert et al., 1998; 
Castelletto et al., 2004), Rouse model (Heemskerk et al., 1984), Bead-Spring model 
(Delshad et al., 2008), the non-linear elastic dumbbell model (Haas and Durst, 1982), rod-
climbing height model (Munoz et al., 2003), and relaxation time at a fixed frequency model 
(Thurston, 1984).  
Strictly speaking, the inverse of the angular frequency ( ) from the G’ and G” 
crossover measurement with a rheometer dynamic frequency test is only the relaxation time 
for a linear viscoelastic model (e.g. Maxwell), which HPAM is not (Volpert, et al., 1998; 
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Delshad et al., 2008; Ehrenfried, 2013; Koh, 2015). Nonetheless, many authors have used 
this approximation for relaxation time of HPAM (Laun, 1978; Volpert et al., 1998; Larson, 
1999; Castelletto et al., 2004; Delshad et al., 2008; Kim et al., 2010).  
Rouse (Rouse, 1953) and the Generalized Maxwell (GMM) (Schiessel et al., 1995; 
Kim et al., 2010) models have multiple relaxation times, with the largest relaxation time 
being the relevant property for our application (Kim et al., 2010). The GMM model is 
given by, 
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Where the GMM reduces to the Rouse model if Gi = G. Also, if only one term is used in 
the GMM, the single relaxation time is exactly the same as the simple G’, G” crossover 
approximation. Nonlinear regression can be used to estimate the relaxation times and 
moduli by fitting Equation 2.12 to oscillator shear data, such as that shown in Figure 2.9. 
 Kim et al. (2010) used both the single mode Maxwell model and GMM model to 
fit the raw data from dynamic frequency test (Figure 2.10). It was found that the relaxation 
time from the G’ and G” crossover model is very similar to the largest relaxation time from 
the multi-mode GMM model, and GMM model is a very useful way to predict relaxation 
time if the experimental conditions are not allowed to have a direct measurement of the G’ 
and G” cross-over point.   
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Figure 2.10 Figure (a) shows a typical dynamic frequency sweep test, and raw data were 
fitted with single mode Maxwell model and GMM model. The discrete 
relaxation time spectrum is shown in (b).  
    Another method used to estimate polymer relaxation time is the Carreau-Yasuda model 
(Ait-Kadi et al., 1987; Kawale et al., 2016), 
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Where term “a” is a parameter which controls the transition region width between zero-
shear-viscosity and shear-thinning part; “n” is the fitting parameter from power law. The 
term µ∞ is assumed to be zero in Carreau et al. (1997) and 1cp in Kawale et al. (2016). To 
estimate the relaxation time, Equation 2.13 is used to fit steady-state shear viscosity data 
from rheometer measurements. As shown in Figure 2.11, µ0 is proportional to molar mass, 
and a is proportional to molar mass distribution (MMD). Relaxation time is the time 
dependent recovery of internal stress, and it is determined at the inverse of the shear rate 
where zero shear viscosity and power law slope cross.    
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Figure 2.11 Carreau-Yasuda regression (viscosity and shear rate are on the y- and x-axis) 
(www.anton-paar.com).  
However, for the solutions with strong viscoelasticity (low salinity, high 
concentration and high molecular weight polymers), the zero shear rate viscosity is hard to 
measure using rheology tests, and µ0 can only be estimated, which limits the application of 
this model.  
Kim et al. (2010) performed HPAM polymer rheology tests with different 
concentrations, salinities and hardness to measure relaxation time. They developed an 
empirical model for relaxation time based on concentration, 
   2
1 2 0r p p
AC A C     (2.15) 
Where polymer concentration is Cp and A1, A2 and τ0 are empirical constants. Terms A1 and 
A2 are salinity and hardness dependent, which can be found in Kim et al. (2010).  
Intrinsic viscosity is defined as the limit of the reduced viscosity when the polymer 
concentration tends to zero, and it is shown as, 
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Where ηsp is the specific viscosity; ηsolution and ηsolvent are viscosities of solution (@10s-1 in 
this work) and solvent respectively; C is polymer concentration (Sorbie, 1990). Stavland 
et al., (2010) presented a correlation of relaxation time versus polymer concentration × 
intrinsic viscosity. 
2.5.3 Effects of hardness, salinity and pH on viscosity   
HPAM molecules are negatively charged and randomly coil in the aqueous solution 
(Figure 2.12 (b)). The dissolved molecules have negative charges on the backbones. 
Without any salts present in the solution including monovalent cations (Na+, K+ etc.) and 
divalent cations (Ca2+, Ma2+, Fe2+ etc.), negative charges on the backbones are repulsive 
and the electrostatic repulsion increases molecular swelling in the solutions (larger hydro-
diameter). The viscosity and relaxation time are higher at low salinity (Figure 2.12 (a) and 
2.13 (a)).   
  
(a)                                                     (b) 
Figure 2.12 HPAM polymer molecules in (a) low salinity and (b) high salinity aqueous 
solutions (Sorbie, 1990) 
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When salinity is increased, both monovalent and divalent ions attach to the 
negatively charged carboxyl groups (Figure 2.13 (b) and (c)), and the inter-molecular 
repulsion is reduced. Polymer molecules coil up which causes a significant reduction in 
both viscosity and relaxation time.  
 
(a)                      (b)                                                   (c) 
Figure 2.13 HPAM molecules in distilled water is (a), and interactions of polymer 
molecules with monovalent and divalent ions are (b) and (c) respectively 
(Koh, 2015).      
High pH increases polymer viscosity because it strengthens the inter-molecular 
repulsions. Conversely, low pH weakens the repulsions, which make molecules coil up and 
have a lower viscosity.  
2.5.4 Degree of hydrolysis 
The degree of hydrolysis is defined as the mole fraction of amide groups converted 
to carboxyl groups from the hydrolysis process, and most commercial polymers have a 15-
35% hydrolysis (Sheng, 2010). Polymer hydrolysis occurs quickly in both acidic and basic 
conditions, and high temperature accelerates this process. Carboxyl groups (negative 
charge) are introduced to polymer backbones after hydrolysis. They repel each other and 
the repulsive force further stretches the polymer chains, which causes a higher viscosity. 
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Figure 2.14 HPAM polymer hydrolysis diagrams (Levitt and Pope, 2008) 
In a high salinity and hard brine (more divalent cations) solution, the stretch is 
shielded which reduces the polymer viscosity and causes polymer precipitation (Levitt and 
Pope, 2008; Sheng, 2010; Moradi-Araghi and Doe, 1987). Moradi-Araghi and Doe (1987) 
found that the cloud point of a brine with low hardness (<20ppm) exceeds 204 °C, and a 
small increase of divalent cation concentration causes a large decrease in cloud point for 
brines with hardness between 20 to 800ppm. Levitt and Pope (2008) found that HPAM 
reservoirs with a temperature of 100°C if the calcium concentration is below 200ppm. The 
effect of hydrolysis on polymer viscoelasticity is not well understood, but this is studied in 
detail in Chapter 5.   
2.5.5 Polymer fluid flow in porous media 
Flow of viscoelastic polymers in porous media is very complicated. HPAM 
polymer solution is a non-Newtonian fluid, and viscosity changes with shear rate. An 
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understanding of polymer fluid flow in porous media can improve the polymer flooding 
sweep efficiency and maximize recovery.   
2.5.5.1 Retention 
Polymers can be retained in permeable media due to adsorption on the rock surface 
or trapping in small/disconnected pores. Three principal polymer retention mechanisms are 
polymer adsorption, mechanical entrapment and hydrodynamic retention (Sorbie, 1991). 
Polymer adsorption is an interaction between polymer molecules and rock surface such as 
van der Waal’s and/or hydrogen bonding. Mechanical entrapment refers to big polymer 
molecules embedded in small flow channels (Willhite and Dominguez, 1977; Gogarty, 
1967). Hydrodynamic retention is not well defined, but observations from various core 
floods show that the same polymer solution injected at different flow rates have different 
retention from mass balance (Chauveteau and Kohler, 1974). Zitha et al. (1995) proposed 
a retention mechanism where elongational polymer molecules bridge pore throats, which 
reduces continuous permeability.   
Polymer retention is a function of polymer type, molecule size and weight, solid 
rock mineral compositions and characterizations, brine salinity, pH, flow rate and 
temperature (Lake et al., 2014). In two-phase brine/polymer solutions displacing oil flows, 
polymer adsorption or retention is not an important consideration for oil recovery because 
they do not cause significant changes in mobility ratio and polymer/oil relative 
permeability. Zaitoun and Kohler (1987) found that the presence of residual oil was not 
significantly affected by polymer retention/adsorption. 
2.5.5.2 Permeability reduction  
There are a few ways to measure the mobility reduction from polymer flooding 
through porous media: resistance factor, permeability reduction factor and residual 
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resistance factor (Jennings et al., 1971). Resistance factor (RF) is the ratio of mobility of 
the brine to that of the polymer flood (represented by subscript “f” in Equation 2.17 and 
2.18), and permeability reduction factor (Rk) is used to demonstrate the permeability-
reduction effect only.  
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Both xanthan and HPAM polymer do not have significant permeability reduction 
in a highly permeable porous medium. Koh (2015) performed a series of single phase 
HPAM polymer floods with Bentheimer sandstones (>1 Darcy), and he found that HPAM 
polymer shows excellent transport with stable pressure drops in each section of the core at 
steady state and permeability reduction factor is 1. Some investigators have observed that 
HPAM polymer flood reduced the brine permeability when rock permeability is low 
(Hirasaki and Pope, 1974; Green and Willhite, 1998).  
2.5.5.3 Equivalent shear rate calculation 
 Hirasaki and Pope (1974) proposed an apparent viscosity model (Equation 2.17) 
which is similar to power law model but it applies Darcy velocity instead of equivalent 
shear rate.  
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Where n is the bulk power law index; H is a constant, which is a function of wetting phase 
permeability (kkrw), rock porosity ( ) and power law coefficient (K); fw is  Sw. The 
apparent viscosity in Equation 2.9 is also equal to 1nK  (power law), which yields,  
   1 1n n
app Hu K 
    (2.21) 
Therefore, the equivalent shear rate for the flow of power law fluids is,  
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Cannella et al. (1988) proposed to add a correction factor “C” into Equation 2.22 
to make this equivalent shear rate equation broadly fit to different types of rocks.  
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2.5.5.4 Apparent viscosity and shear-thickening 
 Darcy’s law relates the volumetric flow rate Q, flow viscosity µ, permeability k 
and rock geometry parameters (Length L and cross sectional area A).  
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By rearranging Equation 2.24, apparent viscosity from a non-Newtonian single-
phase flood can be calculated as below,  
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 30 
As stated in Section 2.5.5.1 and 2.5.5.2, permeability adsorption/retention could 
cause permeability reduction resulting in a higher pressure drop, and Equation 2.23 will 
lead to a higher apparent viscosity than the true viscosity if the brine single phase 
permeability is used.  
Polymers, especially those that are viscoelastic, have three flow regimes in porous 
media: 1) Newtonian fluid regime at low shear rates; 2) shear thinning flow regime at 
medium shear rates; 3) shear thickening flow regime at high shear rates (see Figure 2.15).  
 
 
Figure 2.15 HPAM polymer apparent viscosity versus shear rates in a porous media 
(Delshad et al., 2008). 
 Polymer shear-thickening only occurs in a medium with converging-diverging 
geometries, where elongational deformation gradient drives polymer molecule coil-stretch 
transition and this strong deformation leads to a higher viscosity (Bird et al., 1987). The 
shear-thickening phenomenon is correlated to polymer elasticity, which is characterized by 
the polymer relaxation time from rheology measurements (Delshad et al., 2008). In the 
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oilfield, shear-thickening does not only occur in the near wellbore region, but also in the 
low permeability regions. Apparent shear rate is the bridge which links the polymer 
apparent viscosity in a true porous media and rheometer lab viscosity data, and it is 
explained in section 2.5.5.5.  
2.5.5.5 Shear correction factor 
Shear correction factor, C, depends on the porous medium properties (permeability 
and porosity) and polymer; it should be measured for each fluid/rock system. Koh (2015) 
did a series of core flood experiments with HPAM 3630s/3330s polymer and different rock 
types, and it was found that a correction factor of 4 worked for all of the oil displacement 
experiments (Figure 2.16).  
 
Figure 2.16 Calculated shear correction factors from core flood experiments using HPAM 
3630s and 3330s (Koh, 2015). 
Since all the core floods done in this work were performed with HPAM 3630s and 
sandstones, a shear correction factor of 4 is always assumed. Wetting phase relative 
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permeability changes with oil saturation, so polymer relative permeability (krp) is unknown. 
To determine the polymer apparent viscosity (µapp), polymer relative permeability (krp) and 
equivalent shear rate ( ) at the end of viscoelastic polymer floods, iterations are needed to 
determine the results for Equation 2.11, 2.21 and 2.23.     
2.5.5.6 Deborah number 
 The Deborah number is a dimensionless number that is a measure of the relative 
elasticity of a fluid. It is the ratio of a polymer relaxation time to the characteristic residence 
time (Equation 2.24) in elongating and contracting flow regimes of a particular porous 
medium (Marshall and Metzner, 1967; Delshad et al., 2008),  
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It requires estimation of the characteristic residence time (τE), which is usually 
taken as the inverse of the stretching rate (Hirasaki and Pope, 1974; Durst et al., 1981; 
Haas and Durst, 1981; Delshad et al., 2008), shear rate (Masuda et al., 1992; Koh, 2015) 
or a combination of both (Marshall and Metzner, 1967). 
Importantly, both stretching and shear rate are proportional to the interstitial 
velocity (v=u/ ) divided by the average pore size (dp) in the porous medium, i.e. 1/ E ~ 
v/dp. Therefore, the Deborah number for multiphase flow in porous media is defined as, 
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The equation holds regardless if stretching or shear rate is used as the characteristic 
residence time; the only difference is in the value of the constant C’. For stretching rate, C’ 
is an unknown, porous medium-dependent constant and must be chosen arbitrarily. For 
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apparent shear rate, the constant (Canella et al, 1988) is defined as, 
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As previously discussed, Koh (2015) recently found a shear correction factor, C = 
4.0 matched experimental data for a wide range of oil displacement experiments with 
HPAM polymer, which gives C’~ 4.47. Therefore, the only difference between stretching 
and shear rate is an (unknown) constant. Since our objective is determining the effect of 
NDe on recovery, we choose 4.47 whether the relevant residence time is stretching, 
shearing, or both.   
Equations 2.25 and 2.26 are slightly different definitions of NDe in porous media 
compared to what was proposed by Delshad et al. (2008) who used stretching rate. They 
used grain diameter instead of pore diameter in their derivation, despite claiming to use 
pore diameter, which led to a difference of /(1- ) from our new equation (Equation 2.25).  
2.6 VISCOELASTIC LITERATURE REVIEW 
2.6.1 Lab scale core floods 
Single and two-phase viscoelastic polymer floods have been studied. The most 
recent single phase viscoelastic polymer floods were done by Be et al. (2017), where they 
studied the shear pressure drop (ΔPs) and elongational pressure drop (ΔPs) respectively at 
low Reynolds number. They found elongational force is the major contribution to the 
increase in the total pressure increase from HPAM polymer floods, and the viscoelastic 
effect is strong in fluid flows even at low Reynolds number.  
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Pusch et al. (1987) compared HPAM, xanthan gum and a Newtonian saccharose 
solution flooding in Bentheimer sandstones and they found residual oil saturation reduction 
using xanthan gum, but not from the other two polymers. Wreath (1989) used xanthan gum 
and variants of HPAM polymers, and found reduction of residual oil saturation from 
waterflood levels in Antolini sandstone with HPAM polymers, but no similar results were 
observed from Berea sandstone experiments. Urbissinova et al. (2010) performed core 
floods (dry glass beads) with various grades of polyethylene oxide polymers by varying 
the elasticity; they found higher elasticity (wider molecular weight distribution) recovered 
more oil than polymers with lower elasticity. Laoroongroj et al. (2014) observed a very 
high incremental oil recovery from viscoelastic polymer flood compared to waterflood in 
layered sandstone reservoirs (~500mD) with crossflow. Vermolen et al. (2014) performed 
core floods in Bentheimer sandstones and found HPAM polymers with higher 
viscoelasticity can reduce the residual oil from the previous lower viscoelasticity HPAM 
polymer flood when the crude oil is with low viscosity (9cp), and comparative tests proved 
the extra recovered oil was not due to viscous stripping. No visible additional oil was 
recovered under heavy crude oil (300cp) with increasing polymer viscoelasticity and flow 
rate.  
Ehrenfried (2013), Koh (2015) and Erincik et al. (2017) recently conducted a series 
of core floods with different rocks to investigate oil recovery from different polymers. 
Ehrenfried (2013) reported that it is elusive whether viscoelastic polymers can reduce 
residual oil saturation in water-wet sandstones under constant flow rate conditions. In his 
work, two core floods with Bentheimer sandstone did show a positive effect with HPAM 
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3630s on residual oil saturation, but others appeared inconclusive. Koh (2015) mainly 
conducted core floods with Ottawa sandpacks and reservoir cores from Pelican Lake field 
in Canada. Most of his experiments were at low NDe (elasticity), and reductions of oil 
saturation from waterflood to following polymer floods were observed from Koh’s 
experiments, but the oil saturations after the waterfloods were not true residual oil 
saturation. Erincik et al. (2017) reported a series of core flooding results with Bentheimer 
sandstones and 120cp viscous oil. Viscous glycerin solution was injected to reach residual 
oil saturation after waterflooding in each core flood. True residual oil saturation was 
displaced by low-salinity very viscoelastic polymer floods (NDe=30-300), and it was 
followed by high-salinity (and less viscoelastic) polymer floods (NDe<10). Both polymer 
solutions were controlled to have a similar apparent viscosity (slightly less than glycerin 
viscosity) in the core by adjusting polymer concentration. It was found that the low-salinity 
viscoelastic polymer flood resulted in additional oil recoveries (~10% in average), and 
another ~11% residual oil saturation reduction was observed from the second high-salinity 
low elastic polymer floods. The mechanisms of the oil recovery from the second polymer 
flood are still unknown.   
Wreath (1989) used 56cm×10.2cm×4.9cm Antolini sandstone blocks to perform 
tertiary polymer floods (Nalflo 3837) and he found it is unlikely tertiary Nalflo 3837 
polymer flood could reduce much residual oil. Skauge et al., (2014) performed 2-D water 
and tertiary HPAM 3630 polymer floods with Bentheimer slab (epoxy covered) to study 
viscous fingering, water channeling and adverse mobility ratios effect on oil recovery. The 
slab sizes used were 30cm×30cm×3cm, and 15cm×15cm×2cm, and X-ray test was 
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performed for visualization. They found oil-to-polymer viscosity ratios of 20-30 is 
sufficient to reach an efficient oil recovery, and higher polymer viscosity does not improve 
oil recovery. Similar Bentheimer slab experiments were also performed by Skauge et al., 
(2012) but with heavy oil. Oil fractional flow increased quickly because polymer was 
coupled to the crossflow of mobilized oil into water-established channels.  
2.6.2 Field scale results 
Wang et al. (1993) reported two polymer flooding pilots in the central area of the 
Daqing oil field. Both test areas have a formation of sandstones with an average air 
permeability of 1400 mD (pilot 1, 3.13 Km2) and 3800 mD (pilot 2, 3.54 Km2). The 
reservoir temperature is 43 °C and in-situ oil viscosity is 9.5cp. Both test reservoirs were 
pre-flushed with water with a salinity of 800-1300ppm in year 1989. Total water injection 
was 0.285 PV and it stopped at 95% water cut. Concentrated polymer (5000ppm 
polyacrylamide, 10 million g/mole) solution was first made and it was diluted to 1000ppm 
in a static mixer before injection. Water cut was decreased from 95.2 to 79.4% with 0.161 
PV of polymer injection at pilot 1, and 95 to 68.6% at pilot 2. The incremental oil 
production after polymer flooding were 38,804 Tons (Pilot 1) and 59,767 Tons (Pilot 2) in 
total. Polymer viscoelasticity was not analyzed in the literature but it might be part of the 
reason for the additional oil recovery.   
After these two successful pilot tests, a field scale test was conducted in the Daqing 
oil field and polymer flooding was applied in six areas (block 1-6, Figure 2.17), and blocks 
detailed surface wells information are listed in Table 2. Within a 4-year polymer injection 
(1993-1997), an additional 640 tons of oil were produced.   
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Figure 2.17 Geological map of six polymer flooding areas (Wang et al., 1998) 
Table 2.2 Information on the six blocks applied with polymer flooding 
 
Wang et al. (2000 and 2001) performed glycerin and polyacrylamide (PAM) floods 
on natural and artificial consolidated cores from the Daqing oil field, and it was found it 
recovered additional residual oil (5-8%) to a glycerin flood at constant flow rates, and an 
incremental oil recovery of more than 13% OOIP from HPAM polymer flooding. The core 
flood results support the belief that polymer viscoelasticity contributed to the incremental 
oil production in the Daqing oil fields.  
There are other successful polymer flooding field application cases in Canada such 
as  the Pelican Lake field (Delamaid et al., 2014a), Mooney Bluesky field (Delamaid et al., 
2014b), Seal Bluesky field (Delamaid et al., 2014b). Since polymer flooding usually starts 
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before oil cut is zero, the contribution of polymer viscoelasticity to the additional recovered 
oil cannot be determined from the oil production alone.    
 
2.6.3 Lab scale microfluidics  
Although core flood tests suggest polymer viscoelasticity may reduce Sor, the 
mechanisms of the viscoelastic effect on oil recovery are still unclear. Microfluidic 
experiments provide a way to visualize the immiscible placement at a pore throat geometry. 
Microfluidic experiments are controllable in their geometry deformation rate. Viscoelastic 
polymers can show strong elastic effect at throats with a high deformation rate at lower 
flow rates.  
Single phase experiments of viscoelastic flow through microscale throats have 
shown that the viscoelasticity-induced asymmetric corner vortices occur at constriction 
entrances, which provides additional resistance for fluid to pass through the throat (Boger, 
1987; Groisman and Quake, 2004; Rodd et al., 2005; Squire and Quake, 2005; Steinhaus 
and Shen, 2007). Rodd et al. (2015) injected single phase viscoelastic PEO (polyethylene 
oxide) polymer in a contraction-expansion geometry with a deformation ratio of 16:1 
(channel width to throat width). PEO polymer at low concentration has a viscosity that is 
independent of shear rate but it is also elastic (Dontula et al. 1998). With a micro-fabricated 
geometry and a high deformation ratio, the viscoelastic effect is strong even at low Reynold 
numbers. Rodd et al. (2015) summarized flow regimes in terms of Wissenberg number 
(Wi, similar definition to NDe) and Re with aqueous PEO solution flowing through the 
micro-geometry in Figure 2.18, where the elastic number is defined as El=Wi/Re. 
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Asymmetric vortex was observed at a pore throat when El is large (Re is low but Wi is 
high).  
   
Figure 2.18 Flow regimes in terms of Wissenberg number (Wi) and Re with aqueous PEO 
solution flowing through the micro-geometry 
 
For two-phase flow, previous studies using micro-channel networks have suggested 
that viscoelastic fluids can affect the trapping behavior of oil droplets, although no direct 
quantification and modelling were provided (Clarke et al. 2015 and 2016). In glass etched 
2D micromodels, Wang et al. (2000) found that most of the residual oil droplets were 
“dragged” or “stripped” by HPAM polymer. Afsharpoor et al. (2014) performed micro-
scale experiments which did not show the viscoelasticity pulling effect on residual oil. 
Clarke et al. (2015) found that displacement of the trapped oil phase by a viscoelastic 
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polymer was observed at low capillary numbers. They also found flow fluctuations occur 
when a critical Deborah number is reached, and this fluctuation provided sufficient 
additional forces on disrupting the trapped immiscible phase. Howe et al. (2015) observed 
that a fluctuating pressure field will be accumulated at the presence of elastic turbulence, 
which can remobilize trapped oil and ganglia. Clarke et al. (2016) performed experiments 
with viscoelastic polymer displacing oil in porous media in 2D microchips, and they found 
residual oil fluctuates in porous media from viscoelastic polymer flooding at low Reynolds 
number. They measured and compared average velocity in the pore center from 84wt% 
glycerin and 0.12wt% HPAM 3630s, and the average velocity from glycerin was more 
stable than that from HPAM 3630s displacements (Figure 2.19). The fluctuations can 
destabilize the trapped oil, and oil recovery can be improved (Clark et al., 2015).  
 
 
Figure 2.19 Average velocity in the pore center from 84wt% glycerin and 0.12wt% HPAM 
3630s 
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Newtonian fluids displacing oil with single micro pore throat geometry (2D) was 
studied by Xu et al. (2015), who derived that trapped oil droplet size (L) at a pore throat 
had a linear correlation with Nc,pore
-1/3 (Capillary number). The model assumptions were 
that only viscous and capillary forces dominate the fluid displacements. The model was 
validated with experiments as shown in Figure 2.20 (Xu et al. 2015). 
 
Figure 2.20 Water is used to displace pure decane, span80-0.0045wt% in decane, and span-
1wt% in decane. Trapped oil phase length (L) has a linear correlation with 
Nc,pore
-1/3.      
2.6.4 Reservoir simulation studies 
Lotfollahi et al. (2016) modeled the effect of viscoelastic polymer on residual oil 
saturation using in UTCHEM (chemical flooding reservoir simulator).  The simulator was 
validated against four of Koh’s (2016) core floods (Experiments #1 to #4). The correlations 
of residual oil saturation as a function of trapping number and Deborah number are shown 
in Equation 2.27 and 2.28, 
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where 𝑆𝑜𝑟1
𝑙𝑜𝑤 and 𝑆𝑜𝑟1
ℎ𝑖𝑔ℎ
 are residual oil saturation at low and high trapping numbers, and 
𝑆𝑜𝑟2
𝑙𝑜𝑤 and 𝑆𝑜𝑟2
ℎ𝑖𝑔ℎ
 are residual oil saturations at low and high Deborah numbers. Trapping 
number is defined in Equation 2.30, which is a generalization of the capillary number (Pope 
et al., 2000). T1 and T2 are model parameters; ?̿? is the permeability tensor; g is gravitational 
constant; ρ is density; σ is interfacial tension, ∇Φ is the potential gradient and ∇D is the 
depth gradient.  
Residual oil saturation in the simulator was determined by Equation 2.31. However, 
oil saturation after water flooding is not residual oil in Koh et al’s experiments, and the 
correlation model relating residual oil saturation and polymer elasticity was purely 
empirical and thus needs improvement using experimental data obtained from a wide 
variety of experimental conditions (rock types, oil properties, etc.). Even though the 
simulation results matched the experimental data, the model still needs to be improved to 
better simulate oil recovery from viscoelastic polymer floods.   
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2.7 HYPOTHESIS OF POLYMER VISCOELASTICITY ON REDUCING SOR 
Despite microfluidic, core, and field data that show viscoelastic polymers can 
reduce residual oil saturation, the oil displacement mechanisms (if the effect is real) are 
still unclear. There are a few hypotheses proposed in the literature.  
1) Normal forces present in elastic fluid flowing could be sufficient enough to 
mobilize trapped oil droplet in porous media (both water-wet and oil-wet pore 
throats), whereas normal (purely viscous) brine solution could not (Afsharpoor 
and Balhoff, 2013). Wang et al. (2010) also believed that viscoelastic fluids 
have high micro forces (normal and kinetic forces), which can strip oil off from 
oil-wet rock surface.  
         
(a)                                                                           (b)                         
Figure 2.21 (a)Normal stress is larger at pore throats when oil droplet is displaced with 
more viscoelastic polymer fluids (higher NDe) (Afsharpoor and Balhoff, 
2013); (b) Residual oil is stripped off by viscoelastic polymer (Wang et al., 
2010).  
 
2) This new force could improve elastic polymer to shear thickening region and a 
higher viscosity, which causes trapped oil movement. Within the shear 
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thickening regime, polymers with a coil structure are likely to stretch and recoil 
more repeatedly, which further contributes to the polymers’ elasticity increase 
and elastic turbulence (Clarke et al., 2015).  
 
Figure 2.22 0.24wt% Xanthan (low viscoelastic polymer) and 0.24wt% HAPM 3630s (high 
viscoelastic polymer) were injected at the same flow rates in both water-wet 
and oil-wet porous media. Residual oil saturation is much lower from 
displacements with viscoelastic polymer floods.   
 
3) Flowing oil filaments are less likely to snap off and to be trapped in polymerized 
solutions. Polymerized solutions have better protection to filaments than normal 
water flood brine (Huh and Pope, 2008). 
4) Oil droplets at dead end pores are pulled out instead of being pushed out by 
driving forces (normal, drag and centrifugal forces) from viscoelastic fluids 
(Wang et al, 2001 and 2007), but it only works to moveable oil.  
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(a) 
 
(b) 
Figure 2.23 (a)Velocity contours of Newtonian and viscoelastic fluids at dead end pores 
(simulated with modified upper-convected Maxwell model) (Wang et al, 
2007). (b) Viscoelastic polymer swept residual oil trapped in dead end pores 
(Wang et al, 2001). 
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5) Viscoelastic fluid can apply additional normal forces to pull oil droplets into 
threads, which help stabilize and coalesce adjacent threads, and snapped-off oil 
is mobilized (Wang et al., 2001). 
 
Figure 2.24 “Oil thread” stability behavior increases oil recovery (Want et al., 2001). 
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Chapter 3: Experimental Materials and Approach   
3.1 INTRODUCTION 
Core flood experiments were performed to study the polymer viscoelastic effect on 
residual oil saturation and the recovery mechanisms. The effect of oil viscosity, as well as 
polymer salinity, concentration, and degree of hydrolysis were varied. A description of 
fluid preparation measurement methods, experimental apparatus, and data analysis are 
discussed here. 
3.2 DISPLACING FLUIDS PREPARATION AND RHEOLOGY 
3.2.1 Rheological properties measurements  
 Rheometer  
 The Advanced Rheometric Expansion System Low Shear-1 (ARES LS-1) is used 
for the bulk rheological property tests. ARES LS-1 rheometer is designed for fluids 
rheology testing, and the Low Shear (LS) motor has both dynamic and steady modes. 
During the measurements, the motor generates either a dynamic or steady shear strain 
deformation, and the transducer detects the responded torques.  
 In this work, double wall couette geometry (34mm, outer diameter (OD); 27.95mm, 
inner diameter (ID)) is used for polymer both dynamic and steady tests with a sample size 
of 10ml in volume, and 34mm (OD) couette geometry is used for crude oil viscosity 
measurements.  
 In the dynamic measurements, the rheometer measures strain and torque, which 
allows for calculation of storage modulus (G’) and loss modulus (G”). In the steady modes, 
rotational rate, torque and normal force can be measured, which provides viscosity as a 
function of shear rate. Two different types of dynamic measurements were performed to 
measure the viscoelastic polymer rheological properties: dynamic strain sweep test and 
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dynamic frequency sweep test. The steady rate sweep test is used for polymer viscosity 
measurements.  
Dynamic Strain Sweep Test 
 The dynamic strain sweep test is performed to determine the range of strains where 
the polymer is viscoelastic at constant frequency (rad/s) and temperature (°C). A strain 
within the linear viscoelastic range will be used in the next dynamic frequency sweep test.  
Figure 3.1 is an example of dynamic strain sweep rest results for 2000ppm HPAM 3630s 
in 1000ppm NaCl and 400ppm NaHCO3. A constant frequency of 10 rad/s was used, and 
strain range of 1% to 200% was tested. The linear viscoelastic region ranges from a strain 
of 5% to 28% (the plateau region), therefore, a strain of 15% was used in all dynamic 
frequency sweep tests of HPAM 3630s polymer solutions.  
 
Figure 3.1 Dynamic strain sweep test results of 2000ppm HAPM 3630s with 1000ppm 
NaCl and 400ppm NaHCO3 (Erincik, 2017).  
Dynamic Frequency Sweep Test 
 A dynamic frequency sweep test measures the storage modulus and loss modulus 
over a specified range of oscillatory frequencies at a constant strain from the dynamic strain 
sweep test (e.g. 15%) and a constant temperature (25°C). G’ and G” results at low 
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frequencies indicate polymer behavior at small stress. The polymer relaxation time is 
determined in this work from the frequency that the G’ and G” curves cross over; the 
relaxation time is the inverse of this frequency (more sophisticated methods for estimating 
relaxation time are discussed in Chapter 2. Figure 3.2 shows an example of dynamic 
frequency results of 2100ppm HPAM 3630, 10000ppm NaCl, and 1000ppm NaHCO3 
solution. In this example, the G’ and G” crossed at a frequency of 1.6745 rad/s, and 
relaxation time is calculated as 0.60 sec. When the storage modulus is larger than loss 
modulus (G”>G’), the solution is liquid-like, and more solid-like otherwise (G’>G”).  
 
Figure 3.2 Dynamic frequency results of 2100ppm HPAM 3630, 10000ppm NaCl, and 
1000ppm NaHCO3 solution. In this example, the G’ and G” crossed at 
frequency of 1.6745rad/s, and relaxation time is calculated as 0.60 sec. 
Steady rate sweep test 
 Polymer viscosity as a function of shear rate is measured from steady rate sweep 
tests at room temperature (25°C). The shear rate was increased from 0.1 s-1 to 300s-1, and 
the shear thinning region was fitted to a power-law model. Figure 3.3 is an example of 
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steady rate sweep test results for 2100ppm HPAM 3630, 10000ppm NaCl, and 1000ppm 
NaHCO3 solution. The power law equation of µ=137γ-0.44 fits the data.   
 
Figure 3.3 Steady rate sweep test results of 2100ppm HPAM 3630, 10000ppm NaCl, and 
1000ppm NaHCO3 solution. 
3.2.2 Brine 
Aqueous brine with an estimated viscosity of 0.95cp at room temperature (25°C) 
was used. All brines used in this work were filtered with 0.45 µm filter paper. The brine 
filtration kit is shown in Figure 3.4, where the vacuum pump is connected to a heavy wall 
filtering flask, and the filtering system funnel is on the top. Filtered brine was bubbled with 
argon for 30 minutes before the addition of sodium dithionite.  
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Figure 3.4 Vacuum filtration kit 
3.2.3 Glycerin 
Glycerin (C3H8O3) exhibits Newtonian responses to shear rate. The viscosity of 
glycerin at room temperature (25°C) is governed by its concentration by weight to aqueous 
brine (Table 3.2.2.1 Industrial & Engineering Chemistry Sept 1951, p.2119). Diluted 
glycerin solution was mixed for 1 hour with a magnetic stir bar.  
Table 3.1 Glycerin dilution viscosity (Industrial & Engineering Chemistry Sept 1951, 
p.2119). 
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To reduce the additional oil recovery due to salinity changes, diluted glycerin 
solutions were controlled to have the same salinity as the brine used in a waterflood that 
preceded the glycerin flood. Solutions were filtered with 1.2 µm filter paper, and filtration 
ratio (
200 180
80 60
-
-
ml ml
ml ml
t t
t t
; t is time taken to filter a certain volume of polymer) is measured. The 
filtration setup is shown in Figure 3.5.  
 
Figure 3.5 Glycerin and polymer filtration setup 
Steady rate sweep test was performed to measure the viscosity at 25°C before 
injections. Glycerin is a Newtonian fluid; viscosity is independent of shear rate. After 
glycerin is diluted and mixed evenly, steady rate sweep tests are performed to measure the 
viscosity. Figure 3.6 is an example of 81wt% glycerin with a salinity of 1%NaCl and 
0.1%NaHCO3.  
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Figure 3.6 Viscosity of 81wt% glycerin with a salinity of 1%NaCl and 0.1%NaHCO3 at 
25°C. 
3.2.4 HPAM 
Polymer used in this work was HPAM 3630s/3330s in dry powder. A mother 
solution of 5000ppm HPAM 3630s was first made. The powder was mixed in DI water 
with a magnetic stirring bar rotating at 350 r/min for 15 minutes and hydrolyzed for two to 
three days at 125 r/min and room temperature with argon blanket on the top. No fish eyes 
(undissolved polymer powder) should be observed in the mother solutions after two to 
three days of mixing. They were first filtered with 3 µm filter paper, and the filtration ratio 
was measured. If the filtration ratio is between 1 and 1.2, the mother solution is stored in 
the fridge for future use.  
Diluted polymer solutions for core flood injections have various salinities and 
concentrations, which depends on the experimental design, but the procedures for all 
samples are similar. Mother solution (5000ppm concentration) was diluted to desired 
polymer concentration and salinity. The diluted solution was mixed for 3 hours with a stir 
bar and argon blanket on the top of the container, and it was filtered with 1.2 µm filter 
 54 
paper. Once it passed the filtration test, three tests (dynamic strain sweep test, dynamic 
frequency sweep and steady sweep) are performed to study the rheology. Diluted polymer 
solution is de-oxygenated with argon before injections.    
3.3 DISPLACED FLUIDS PREPARATION AND RHEOLOGY  
3.3.1 High Viscosity Oil 
Initial experiments were performed with viscous dead oil. The original crude 
viscous oil was stored in a separation funnel to remove water, and the separated oil was 
measured to have a viscosity of 300cp at 25°C. Residual oil saturation would be difficult 
to achieve for this very viscous oil either from waterflood or even viscous glycerin flood. 
Therefore, 300cp viscous oil was diluted with Decalin to reduce the viscosity to 120cp. 
Ehrenfried (2013) reported a correlation of the surrogate oil viscosity and weight 
percentage of Decalin (Figure 3.7). Diluted oil was filtered with 1.2 µm filter paper to 
remove all the residual solids. 
 
Figure 3.7 Correlation of diluted oil viscosity to weight percentage of additive Decalin 
(Ehrenfried, 2013).  
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3.3.2 Low Viscosity Oil 
Water was removed from low viscosity crude oil through a separation funnel. 
Separated crude oil was diluted with Toluene (17 wt%) to reduce the oil viscosity from 18 
cp to 9 cp at 25°C to assure a stable displacement from waterflooding. Diluted oil was 
filtered with 1.2 µm filter paper with compressed air, and the oil filtration kit is shown 
below (Figure 3.8).  
 
Figure 3.8 Oil filtration setup 
3.4 CORE PREPARATION AND COREFLOOD SETUP  
3.4.1 Core preparation 
 All the cores in this work are cylindrical sandstone cores with 2 inches in diameter 
and 1 foot in length. Core preparations follow the procedures below:  
1) Newly cut cores from a 1ft3 block is left in a high temperature oven (70°C) 
overnight. 
2) Cool down the core on the next day and measure the dimensions (diameter, r and 
length, L). Bulk volume (Vb) = πr2L 
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3) Coat core round surface with 5-min epoxy with two end caps (polycarbonate) on 
both ends. End cap design is shown in Figure 3.9.  
 
Figure 3.9 Epoxy core end caps design (UT unpublished reports) 
4) After the epoxy was dry, the core was placed in the middle of a 2.5 inches diameter 
and 15 inches long tube. The annular space was filled with 24-hour epoxy, dried 
for 24 hours.  
5) The 1 ft long core was divided into four parts by drilling three pressure taps along 
the side. Five pressure tap fittings were attached on the core (three on the side and 
two on both ends) as shown in Figure 3.10.  
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Figure 3.10 One-foot-long sandstone core is sealed with 24-hour epoxy, and three pressure 
tabs were drilled on the side evenly laid out. 
6) Compressed air was injected into the core (all valves closed) to perform leak tests 
while the core was soaked in the water. The core preparation is complete if no 
bubbles were observed from the core in the water indicating no leaking from this 
core.  
3.4.2 Core flood setup  
The core flood setup is shown in Figure 3.11. The core floods in Chapter 4 were 
performed at constant pressure gradients, and compressed argon in a cylinder was used as 
the pump to inject the displacing fluids (brine/glycerin/polymer solutions). Core floods in 
Chapter 6 were performed at constant flow rates. The pump used is Teledyne ISCO 500D 
model (Figure 3.12). Two pressure regulators are installed in the flow line. One is 
connected to the pump and the other one is a back pressure regulator right attached to the 
core outlet. Displacing fluids are stored in the chemical column. Seven pressure transducers 
are attached to the core. Four of them are differential pressure transducers. The whole 
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pressure transducer is 0-150psi, and the other four sectional differential pressure 
transducers are 0-30psi. Fractional collector is used to collect effluents  
 
 
Figure 3.11 Core flood setup. Compressed argon cylinder is used as a pump, and 7 
pressure transducers are attached to the 1 ft. long core, and fractional 
collector is used to collect effluent samples.  
 
Figure 3.12 Teledyne ISCO 500D model syringe pump (http://www.teledyneisco.com/en-
us) 
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 In the core floods in Chapter 6, displacing floods with alternating salinities were 
performed after residual oil saturation was reached. Since the residual oil distribution could 
change when the ISCO pump starts and stops (a sudden change in local pressure gradients 
(Chatzis et al., 1988)), two parallel chemical columns were connected with three-way 
valves at both ends (Figure 3.13) in some experiments (core flood #5 and 6 in Chapter 6). 
Low/high salinity and elastic/non-elastic fluids were stored in each chemical column. Once 
the first elastic flood is near completion, the second non-elastic displacement can start right 
away by switching both three-way valves to the other side.   
 
 
 
Figure 3.13 Two chemical columns were used for high/low salinity and elastic/non-elastic 
fluids displacements. They are connected with two three-way valves at both 
ends.  
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3.4.3 Injection Fluids Measurement Equipment 
3.4.3.1 Oxidation Reduction Potential Measurement 
All the injecting fluids including reducing iron brine and oil displacement brines 
are de-oxygenated with compressed argon for 30-45 minutes. Oxidation reduction potential 
(ORP) was measured with Oakton Waterproof ORPTestr@10 (Figure 3.14) before 
injections, and the ORP should be below -200RmV. 
 
Figure 3.14 Oakton Waterproof ORPTestr@10 (Erincik, 2017) 
3.4.3.2 pH Measurement 
The model of pH meter in this work is from Thermo Scientific Orion 3 STAR 
Benchtop. All displacing fluids were controlled to have a similar pH. In Chapter 5 (polymer 
hydrolysis) and Chapter 6 (core floods), polymer solutions were hydrolyzed at different 
pHs (~8.5 and 10.5). 
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Figure 3.15 pH measurement of 1200ppm HPAM 3630s 10000ppm NaCl and 400ppm 
NaHCO3. Value of pH is 8.18 (>7) due to a low concentration of NaHCO3.  
3.5 CORE FLOOD INJECTION PROCEDURES  
3.5.1 Saturating the core with brine 
Dry core saturated with air was vacuumed with a vacuum pump for 2-3 hours. 
Waterflood brine was stored in a graduated cylinder, and initial volume is V1. Core inlet 
valve is connected to the brine in the graduated cylinder, and waterflood brine will be 
imbibed into the vacuumed rock, and the final volume reading is V2. The estimated pore 
volume (PV) is V1-V2.    
3.5.2 Iron reduction in the core 
Sandstones like Bentheimer, Boise and Berea contain large amount of iron, which 
potentially degrades the polymer chemically and affects the rheology (both viscosity and 
elasticity). Before saturating this core with oil, the core was flushed with reducing iron 
brine containing 1%EDTA, 1%Na2S2O4 and 4% NaHCO3 extensively to remove 
amorphous oxidized iron. Brine containing 1% EDTA and 4% NaHCO3 was first bubbled 
with argon for 30 minutes, and 1%Na2S2O4 was added into the solution for another 15 
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minutes of mixing. Reducing iron brine flooded the sandstone core at 5 ft/day, and effluents 
were collected with a fractional collector. Iron test strips were used to measure the iron 
concentration in the effluent, and the reducing iron flood did not stop until iron 
concentration was below than 10ppm. Once the iron strip test was passed, it was followed 
by another brine with 1%Na2S2O4 and 4% NaHCO3 to remove EDTA in the core, and iron 
concentration measured from the iron strips was 0 ppm.  
3.5.3 Salinity tracer test 
A tracer test in this work is performed by injecting two brines with different salinity 
continuously. There are at least two goals of the tracer test: 1) test rock homogeneity; 2) 
measure pore volume. Below is an example of salinity tracer test, where the core was 
saturated with a brine of 1%NaCl and 0.1%NaHCO3 initially, and it was displaced with 
another brine of 4%NaCl and 0.1% NaHCO3 at a flow rate of 1.5ml/min. Effluents were 
collected by a fractional collector every 5 minutes, and the salinity in each tube was 
measured with a refractometer (Figure 3.16). Readings for each tube from the refractometer 
are normalized as shown in Figure 3.17. Since low salinity brine was displaced with a high 
salinity brine, normalized salinity started with zero and ended with one. Since the rock is 
homogeneous, a sharp salinity gradient was observed. The shaded area is the total amount 
(pore volumes) of the low salinity brine which was displaced. Since the displacement is 
stable and the rock is homogeneous, the volume of displaced low salinity brine is equal to 
the total core pore volume.  
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Figure 3.16 Refractometer and readings 
 
Figure 3.17 Tracer test was done with brine flooding with different salinities. One brine 
contains 1%NaCl and 0.1%NaHCO3, and it was followed by another one 
containing 4%NaCl and 0.1% NaHCO3.  
3.5.4 Brine Permeability Measurement 
Waterflood brine is used to measure single phase brine permeability, and it was 
injected at flow rates of 2, 4, 5 and 10ml/min. The brine permeability is calculated with 
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Darcy’s law (Equation 2.22), and it is determined as the average of all measured 
permeability calculated with pressure gradients and flow rates at each steady state. An 
average permeability is used in the future calculations.  
3.5.5 Oil Flood 
After brine permeability was measured, the core was flooded with oil. Oil columns 
were connected to compressed air lines. Viscous oil (120cp) was injected at a constant 
pressure of ~80psi, and low viscosity oil (9cp) was injected at 20psi.  
Two burets (100ml) were used to collect effluents, and oil saturation was 
determined through a water volume balance, where the volume of oil in the core is 
equivalent to the volume of displaced brine collected in the burets.  
Two burets are first filled up to 100ml (on the bottom). Once oil started to flood the 
core, time versus total effluent volume were recorded continuously. Oil continued flooding 
until both effluent flow rates (q) and pressure (ΔP) are stable, and the oil cut exceeds 99%. 
End point oil relative permeability is back-calculated from Darcy’s law, 
   1k qLo oilk
ro k A P k
  


 3.1 
Where ko is oil effective permeability; k°ro is end point oil relative permeability; µoil is oil 
viscosity. Initial oil saturation can be determined as the ratio of the volume of total 
displaced brine (Vdisplaced, brine) to core pore volume. Once the oil flood was finished, oil was 
aged in the core for 1-2days (Koh, 2015).  
   ,displaced brine
oi
V
S
PV
  3.2 
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3.5.6 Waterflood  
 Displacement floods (waterflood/ glycerin flood/polymer flood) were performed at 
a constant pressure gradient and a constant flow rate in Chapters 4 and 6, respectively. For 
floods with constant pressure gradients, flow rates were measured from effluents collected 
in the fractional collector. The core was flooded with waterflood brine at the desired either 
flow rate (with ISCO syringe pump) or pressure (with compressed argon cylinder) until the 
oil cut was zero, and both pressure and flow rates were stable. Oil saturation is measured 
from the oil mass balance in the core. End point oil relative permeability can be back-
calculated from Darcy’s law,  
   1k qLw wk
rw k A P k
  


 3.3 
Where kw is water effective permeability; k°rw is end point water relative permeability. 
In the core floods with viscous oil, waterflood is an unstable displacement because 
of a high end point mobility ratio (>1), which is expressed as, 
ok
rw
wM
ok
ro
o



 
3.4 
The oil saturation after the waterflood is referred to as the remaining oil saturation, 
which is generally higher than the residual oil saturation (especially for high viscosity oils). 
The waterflood was followed by a viscous Newtonian glycerin flood for experiments with 
high viscosity oils.  
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3.5.7 Glycerin flood 
Viscous glycerin was injected after waterflood for core floods with viscous oil with 
the goal of recovering remaining oil and reaching true residual oil saturation. Glycerin is a 
Newtonian fluid, exhibiting no elastic properties. When glycerin and the viscoelastic 
polymer (in the flood that follows the glycerin flood) have a similar apparent viscosity in 
a porous medium, both floods have the same viscous effect (even if the glycerin did not 
completely reach residual oil saturation, the polymer flood should not improve sweep 
efficiency). Therefore, the glycerol flood allows for investigation of the elastic effect only 
on oil saturation from the viscoelastic polymer flood.  
Viscosity of diluted glycerin solution is very sensitive to the water weight fraction. 
Pure glycerin was carefully diluted, and viscosity was measured with a rheometer to match 
the target viscosity. The end point mobility ratio is much smaller than 1, which can be 
determined by replacing water viscosity with glycerin viscosity in Equations 3.1 and 3.4.  
For the core floods with low viscosity oil, the end point mobility ratio during a 
water flood is smaller than 1. With more PVs (>3PV) of brine injection, oil saturation is 
close to residual oil saturation, therefore, viscous glycerin was not used before the polymer 
flood.  
3.5.8 Polymer flood 
3.5.8.1 Polymer flood with dissolved polymer solutions 
Polymer fluids in Chapter 4 were dissolved polymer solutions. Mother solutions of 
5000ppm HPAM 3630s were diluted to target polymer concentrations and salinities for 3-
4 hours with magnetic stir bars. After they passed polymer filtration (1< FR < 1.2) and 
rheology tests, it was bubbled with argon for an hour. Degassed polymer solutions were 
loaded into a vacuumed accumulator (Figure 3.18), and they were injected at constant 
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pressure gradients. Velocities were measured from collected tubes in the fractional 
collector. Rheology measurements of polymer effluents were measured once the core flood 
is finished.  
 
Figure 3.18 Load degassed polymer solution into a glass accumulator 
Effluents containing recovered oil were centrifuged and oil saturation after polymer 
flood is determined from an oil mass balance. Polymer relative permeability, equivalent 
shear rate, apparent viscosity and Deborah number are calculated using equations presented 
in Chapter 2.  
 
3.5.8.2 Polymer flood with hydrolyzed polymer solutions 
Polymer fluids used in Chapter 6 were hydrolyzed polymer solutions, which had 
higher relaxation times. Similar to section 3.5.8.1, mother solutions were diluted to the 
target polymer concentration and salinities. Instead of mixing for three hours and bubbling 
with argon, the pre-hydrolyzed polymer solutions were mixed at 170 rpm and degassed 
with argon for 10 hours. They were sealed in a 1L storage bottle and hydrolyzed at 70C in 
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an oven for 5-6 days. Rheology tests before and after hydrolysis were measured and 
compared, and solutions were injected into the core after filtration. 
Below is an example of 2500ppm HPAM with 6000ppm NaCl and 5000ppm 
Na2CO3 (Figure 3.19). The pH was 10.2 before hydrolysis. The degassed polymer solution 
was stored in a well-sealed storage bottle, and hydrolyzed in a 70°C oven for 6 days. The 
shear viscosity as a function of shear rates before and after hydrolysis are shown in blue 
and red. 
 69 
 
Figure 3.19 Rheology results of 2500ppm HPAM with 6000ppm NaCl and 5000ppm 
Na2CO3 before and after hydrolysis. Viscosity versus shear rate results are 
shown in (a). Dynamic frequency sweep results before and after hydrolysis 
are shown in (b) and (c). Relaxation time is increased from 1.2 to 2.57 sec 
within 6 days at 70°C. Viscosity is increased from 55 to 79.5 cp at shear rate 
of 17s-1, and 41.8 to 58.4 at shear rate of 31s-1.  
The purposed of injecting hydrolyzed polymer solutions is that hydrolysis can 
increase relaxation time by a factor of 2-3 without increasing the polymer viscosity as much 
at typical apparent shear rates (10-20s-1) in the core floods. Therefore, the Deborah number 
can be increased without injecting higher MW polymers which require a highly permeable 
porous medium and high pressure gradients. Therefore, Deborah number can be nearly 
doubled without increasing the capillary effect much using hydrolyzing polymers with soft 
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brines. For the polymer shown in Figure 3.19, at a shear rate of 30 s-1 (similar to equivalent 
shear rates from polymer flooding in sandstones) viscosity only increased from 41.8 to 58.4 
cp (about a 40% increase), but the relaxation time was more than doubled (from 1.2 to 2.57 
seconds).  
3.5.9 Second Polymer Flood  
A second polymer flood was performed in some of the core floods. Salinity and 
polymer concentration were adjusted (salinity and concentration both increased) to have 
the same viscosity (but much lower relaxation time) with the previous viscoelastic polymer 
flood, and it was injected at the same flow rate. The first and second polymer solutions 
were loaded into 560ml glass columns in parallel (Figure 3.20). Once the first polymer 
flood is complete, three-way valves were switched to the second polymer side. The 
preparation procedures for the second polymer was similar to the first polymer flood 
including mother solution dilution, filtration and rheology tests.  
 
Figure 3.20 First polymer flood solution is in the middle and both inlet and outlet are 
connected to the second polymer flood column on the right 
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Chapter 4. Core Flood Experiments with Viscous Oil1 
4.1 INTRODUCTION 
The goal of doing this chapter is to determine the effect of polymer elasticity 
(quantified by the dimensionless NDe) on residual oil saturation of viscous oil.The NDe can 
be varied by changing the Darcy velocity or polymer relaxation time (in addition to other 
variables). The polymer relaxation time is a function of the molecular weight, 
concentration, salinity, and of course polymer structure. From a laboratory standpoint, the 
easiest variable to control is the velocity (or pressure gradient).  
Six Bentheimer sandstones were saturated with a high viscosity oil (120cp) and 
then waterflooded to residual oil saturation using brine followed by an inelastic Newtonian 
fluid (diluted glycerin). These floods were followed by injection of a viscoelastic polymer, 
hydrolyzed polyacrylamide (HPAM). Experimental conditions are carefully chosen to 
ensure that residual oil saturation is obtained prior to polymer injection, and the capillary 
number is constant and significantly below the critical value on a capillary desaturation 
curve. An experiment is also performed using a CT scanner to visually verify the reduction 
in residual oil. 
4.2 CAPILLARY DESATURATION CURVE 
The measured interfacial tension of the brine, glycerin and polymer (10000ppm 
NaCl, and 1000ppm NaHCO3) to oil are 15.6, 21.3, and 17.3 dynes/cm on average (Qi et 
al., 2017), respectively, which are similar in magnitude. Therefore, to compare water, 
glycerin and polymer floods at the same capillarity, displacement solutions were injected 
at the same pressure gradient according to Equation 2.6.  Experimental curves of capillary 
number and oil saturation needed to be developed to find the right pressure gradient with 
low capillarity. Capillary desaturation curves (CDC) for HPAM polymer and glycerin 
solution in Bentheimer sandstones were determined here, the first of their kind to our 
                                                 
1 Qi, P., Ehrenfried, D. H., Koh, H., & Balhoff, M. T. (2017, April 1). Reduction of Residual Oil Saturation 
in Sandstone Cores by Use of Viscoelastic Polymers. Society of Petroleum Engineers. doi:10.2118/179689-
PA 
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knowledge. For the CDC of the glycerin displacement, the core was initially saturated with 
oil and water, and flooded with secondary glycerin solution (1000ppm NaCl, 35.5cp at 
25°C) at different constant flow rates. For each steady state (at a given flow rate), oil 
saturation and pressure gradient were recorded, and Equation 2.6 is used to calculate Nc 
(see Figure 4.1 glycerin secondary).  
For the CDC of HPAM polymer displacement, HPAM 3630s solution with a 
concentration of 1200ppm and 1000ppm NaCl was chosen. The polymer rheology results 
can be found in Appendix A, Figure A.1. Different from the glycerin secondary flush, 
HPAM polymer was injected at constant pressure gradients. For each steady state (at a 
given differential pressure), oil saturation and effluent flow rate were recorded. Capillary 
number is calculated with the same equation. Secondary HPAM polymer core flood was 
repeated three times with different Bentheimer sandstone cores (similar properties, from 
the same block) as shown in Figure 4 (HPAM secondary 1, 2 and 3), and the rheology 
results of HPAM secondary 2 and 3 can be found in Appendix A, Figure A.2 and A.3.  
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Figure 4.1 Capillary number desaturation curve of viscoelastic polymer and glycerin to oil. 
Secondary HPAM polymer was injected right after oil flood, and it was 
repeated three times, and named HPAM Secondary 1, 2 and 3 respectively. 
Constant differential pressure was increased from low to high values. 
Equation 2.6 is used to calculate capillary numbers from constant pressure 
gradient core floods. Secondary glycerin solution was injected right after oil 
flood at different constant flow rates, and this core flood was performed by 
Youseff Elkady. Same equation is used to calculate capillary numbers.  
 All capillary desaturation curves developed in Bentheimer show a critical Nc of 
around the order of 10-4 (~30psi/ft), this is high relative to most rock types, but expected 
given the homogeneity of Bentheimer. All experiments in this work were conducted in the 
flat portion of the curve, Nc <10
-5, to be certain that observations of lower residual oil 
saturation were not due to small changes in the capillary number. 
4.3 ROCK TYPES IN THE CORE FLOOD 
Bentheimer sandstones were eventually chosen because of the relatively high 
permeability (~2D), homogeneity, relative consistency between cores, and low clay 
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content. These variables were important because high permeability offers flexible flow rate 
and pressure gradient selection; homogeneity and consistency between cores allow for 
comparison of results between parallel experiments; low clay content allows the use of 
lower salinity brines that broadened the range of elasticity exhibited by the HPAM 
solutions. Rock properties of the six core floods performed for this chapter are shown in 
Table 4.1 (a), where core diameter, length, porosity, permeability and correction factor are 
listed in the table from left to the right. 
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4.4 LIST OF COREFLOOD EXPERIMENTS 
Table 4.1 Rock properties for the Bentheimer cores in the 6 core flood experiments 
 
 
Table 4.2 Experimental conditions (core flood No.1 and No.2 are parallel experiments (with the same experimental conditions). 
Core flood No.2 flooding process was scanned with CT scanner; Core No.3 contains low and high constant ΔP 
HPAM flood; Core No.4, 5, and 6 contain low salinity chemical floods. No.4 and 5 are repeated experiments and 
No.6 contains low salinity polymer flood with lower viscosity). Fluids rheology summary is in Table 4.2a, and 
flooding results conditions and results are summarized in Table 4.2b.  
D L Ø k k
(in) (in) (mD) (cm
2
)
1.98 12 0.22 2200 2.171E-08
2 11.8 0.22 2140 2.112E-08
1.97 11.8 0.22 2135 2.107E-08
2 11.8 0.22 2135 2.107E-08
1.95 11.7 0.22 2240 2.211E-08
1.95 11.7 0.22 2445 2.413E-08
2 11.9 0.23 2340 2.31E-08
ROCK PROPERTIES
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Table 4.2a Polymer fluids rheology in each core flood 
  
Table 4.2b Displacements measured and calculated results (* indicates measured results, and v is interstitial velocity, ft/day) 
 
# µglyc Kpoly npoly τr
(cp) (cp-s
n-1
) (s)
1 72.6 143.90 0.52 0.60
2 70 150.10 0.53 0.40
3a 71 105.83 0.56 0.13
3b 74 105.83 0.56 0.13
4 77 166.00 0.34 7.14
5 72 164.66 0.39 4.73
6 52 106.58 0.44 2.08
FLUIDS RHEOLOGY
ΔP* v * q* krw
0 Sw r* ΔP* v * q* krg
0 Sgr* ΔP* v * q* krp
0 Sorp* (3n+1/4n)
(n/n-1) ϒeq µapp NDe
(psi) (ft/day) (ml/min) (psi) (ft/day) (ml/min) (psi) (ft/day) (ml/min) (1/s) (cp)
10 16 6.8 0.11 0.30 11 1.1 0.101 0.12 0.26 10 1.0 0.10 0.048 0.198 0.80 26.73 29.72 16.04
10.4 14 5.75 0.09 0.37 10 0.9 0.081 0.09 0.30 9.7 2.4 0.22 0.096 0.254 0.80 45.36 24.99 18.14
10.1 16 6.75 0.11 0.35 10 1.1 0.100 0.12 0.31 2.9 0.2 0.02 0.057 0.310 0.80 5.56 49.76 0.69
10.1 16 6.75 0.11 0.35 11 1.1 0.100 0.12 0.31 9.5 7.9 0.73 0.173 0.209 0.80 109.17 13.42 13.65
11.7 16 6.8 0.09 0.22 9.7 0.8 0.070 0.09 0.21 2.7 0.2 0.02 0.067 0.179 0.82 3.71 69.83 26.52
11 15 6.3 0.08 0.29 3.2 0.3 0.025 0.08 0.25 2.3 0.3 0.03 0.102 0.249 0.81 4.81 63.18 22.74
3.1 4 1.5 0.07 0.36 3.4 0.3 0.033 0.08 0.29 3.2 0.3 0.03 0.053 0.280 0.80 7.99 33.42 16.63
WATERFLOOD GLYCERIN FLOOD POLYMER FLOOD
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4.5 CORE FLOOD RESULTS AND ANALYSIS  
In core flood No.1, brine with a salinity of 10000ppm NaCl and 1000ppm NaHCO3 
was injected into the core saturated with oil at a constant differential pressure of 
approximately 10 psi/ft. A fractional retriever was used to collect effluents to measure 
average velocity and oil recovery. Endpoint relative permeability of brine was determined 
by effluent velocity and differential pressure at steady state. Even though 6 or more pore 
volumes of brine were injected, the endpoint mobility ratio of waterflood was still close to 
17, which indicates significant viscous fingering. The unrecovered oil in the core after 
waterflood was not residual oil, but remaining, bypassed oil. To reach residual oil 
saturation, the secondary waterflood was followed by 75cp purely-viscous glycerin tertiary 
flood, also at 10 psi/ft of differential pressure (ensuring the same approximate capillary 
number as the waterflood). The viscous glycerin flood recovered the unswept oil and 
improved the endpoint mobility ratio to 0.2 (low enough to assume viscous fingering was 
negligible). Therefore, the unrecovered oil at the end of glycerin flood was residual oil. 
The glycerin flood was then followed by a quaternary polymer flood (2100ppm HPAM 
3630s) with viscosity of 75cp at shear rate of 4 sec-1. Polymer was also injected at a 
differential pressure of 10 psi/ft and therefore has a comparable capillary effect and sweep 
efficiency as the previous glycerin flood (the difference between both floods is the elastic 
effect from polymer flood). Figure 4.2 shows the oil saturation reductions and oil cut versus 
pore volume of three chemical floods from core flood No. 1.  
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Figure 4.2 Oil saturation versus and oil cut pore volumes for repeated experiments No.1. 
Water was initially injected and then followed by a glycerin flood to ensure 
residual oil saturation was reached. Finally, HPAM was injected. All floods 
were performed at a constant pressure gradient of 10 psi/ft and both the 
glycerin/HPAM had the same Capillary number at the order of 10-5. The NDe 
of the HPAM flood from these three core floods were 14.83, which resulted 
in an additional 7.2% and 5% recovery of residual oil. 
 
In Figure 4.2, the initial oil saturation was 0.85 and it was reduced to 0.3 after 
approximately nine pore volumes of water injected (as shown in the blue curve, NDe =0). 
In the following glycerin flood, an oil bank broke through after 0.6 pore volumes of 
glycerin injected. After the oil bank was produced, a few more pore volumes of glycerin 
solution were injected until no more recovered oil was observed. Oil saturation was 
reduced from 0.3 to 0.26 (residual oil saturation) because of the higher sweep efficiency of 
the glycerin flood (NDe =0), and Figure 4.3(a) shows pressure data versus pore volumes. 
Oil cut is shown in black in Figure 4.2. Global pressure gradient was maintained at 10psi/ft 
at all times. With a more favorable mobility ratio (<0.2 at endpoint), the interface between 
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viscous glycerin and oil is more piston-like. When the oil bank breaks through the core, a 
sudden oil saturation decrease is observed. Another 0.07 of oil saturation reduction was 
observed from the polymer flood (NDe =16.04), and pressure data can be found in Figure 
4.3(b). Pressure gradient along the core is still at 10psi/ft, which indicates a similar 
capillary effect compared to previous glycerin flood, and sectional pressure gradient waves 
indicate a growing accumulated oil bank at the displacement front. Glycerin diffusion into 
brine can be observed from increasing effluents viscosity during glycerin flood. But 
effluent viscosity was very stable at about 75cp after oil broke through at steady state from 
both core floods. Even if polymer diffuses into glycerin solution at interface, polymer and 
glycerin have the same salinity and viscosity at the shear rate of 4 sec-1, so this diffusion 
does not increase or change the polymer viscosity. This constant viscosity helps to 
eliminate additional sweep after the glycerin flood. The recovered residual oil is believed 
to be a viscoelastic effect.  
 
(a)                                  (b) 
Figure 4.3 Glycerin and polymer floods data versus pore volumes are shown in (a) and 
(b) respectively.  
Core flood No.2 with the same experimental conditions as No. 1 was repeated in a 
CT scanner to visualize the oil saturation reduction caused by elasticity. Waterflood brine, 
glycerin and polymer solutions had the same viscosity as those in the previous core flood. 
Oil saturation after each flood and oil cut are shown in Figure 4.4. 
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Figure 4.4 Oil saturation versus pore volumes for repeated experiments No.2. Waterflood, 
glycerin and HPAM floods were injected at 10psi/ft. 
To visualize residual oil (by comparing with remaining oil), residual oil 
distribution, and residual oil reduction from viscoelasticity, the same core flood experiment 
was repeated with CT scanner. Waterflood reduced oil saturation from 0.86 to 0.36. The 
end point mobility ratio was close to 17, and this strong fingering effect was observed from 
CT results (Figure 4.5). Initial oil saturation distribution from inlet (left end) to outlet (right 
end) along the core is in Figure 4.5 (a). After only 0.15 PV of brine injected (Figure 4.5 
(d)), the waterflood front went to almost one third length of the core, and oil cut (black 
curve in Figure 4.4) drops significantly after 0.15PV of brine injection. Breakthrough 
occurs at an injection of less than 0.4 PV (Figure 4.5 (c)). From brine injection of 1.3 PV 
to 6 PV, the oil saturation distribution changes were almost unobservable (Figure 4.5 (d) 
and (e)).   
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Figure 4.5 Oil saturation changes from waterflooding at 10 psi/ft. Initial oil and residual 
water are shown in (a); oil saturation with a water injection of 0.15 PV, 0.4 
PV, 1.3PV are in (b), (c), and (d) respectively; remaining oil after 6 PV water 
injected (very close to steady state) is in (e). Color bar is indicating oil 
saturation from 0 to 1. Oil recovery from waterflooding decreases along the 
core from inlet (left-end) to outlet (right-end). Water front reached one third 
length of the core with only water injection of 0.15 PV and water broke 
through at 0.4 PV injected. Oil saturation barely changes with water injection 
of 1.3 PV to 6 PV. Core flood is operating vertically, but it is showing 
horizontally in this figure.  
 
Oil saturation at different pore volumes (0.15, 0.2, 0.4, 0.8, 1.3, 2.5, 3, 4, 5 and 
6PV) of water injections are shown in Figure 4.6, where oil saturation reduces fast with 
very little injection of brine (<0.12PV), and oil bank breaks through with less than 0.4PV 
of brine injection. Scanning picture slice number from core inlet to outlet is shown on x-
axis. Oil saturation does not change much after 3PV of brine injection.  
0 PV 
6 PV 
(a) 
(e) 
1.3 PV (d) 
0.15 PV 
0.4 PV 
(b) 
(c)  
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Figure 4.6 Oil saturation at different pore volumes (0.15, 0.2, 0.4, 0.8, 1.3, 2.5, 3, 4, 5 and 
6PV) of water injections are shown above. Oil saturation reduces fast with 
very little injection of brine (<0.12PV), and oil bank breaks through with less 
than 0.4PV of brine injection. Scanning picture slice number from core inlet 
to outlet is shown on x-axis. 
 
Oil saturation changes (ΔSo=Soi-Sorw) at each slice along the core decreases, which 
indicates once water finds a high-permeable flowing channel, it is likely to continue 
flowing through the channel instead of sweeping other regions. Figures 4.5 and 4.7 show 
that sweep was much better near the inlet and worse along the length of the core.       
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Figure 4.7 Oil saturation reductions at each slice along the core from inlet (left-side) to 
outlet (right-side). The declining oil saturation reduction along the core 
indicates better sweep at the entrance and worse to the end.  
 The oil saturation after the waterflood is 0.37 (Figure 4.8 (a)). The following 
glycerin flood further reduced oil saturation down to 0.31 (Figure 4.8 (b)). Two more PV’s 
of glycerin was injected after oil bank broke through, and oil saturation at steady state is 
believed to be residual oil saturation (low mobility ratio).  
             
                                                                       
                                                           
Figure 4.8 (a) and (b) are oil saturation distributions inside the core after waterflooding and 
glycerin flooding at steady state. Color bar has a range from 0 to 1. Oil 
saturation after waterflooding is 0.37, and that after glycerin flooding is 0.31, 
which is another 6% remaining oil reductions. Endpoint mobility ratio of 
viscous glycerin flood is 0.17, which further proves the oil saturation after 
glycerin flood is very close to real residual oil saturation.   
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In the viscoelastic polymer flood that followed, oil saturation was reduced to 0.26. 
The NDe of the polymer flood is 18.14, which resulted in another 5% residual oil saturation 
reduction. The oil saturation reduction results from effluent readings are shown in Figure 
4.9 (b). 
 
Figure 4.9 Image locations along the core are shown in (a). Inlet is on the bottom and outlet 
is on the top. Five images are 1”, 3.5”, 6”, 8.5”, and 11” away from the inlet. 
The range of color bar is from 0.1 to 0.5 to see a better comparison. Residual 
oil saturation after glycerin flood is shown in (b), and (c) shows the residual 
oil saturation after elastic polymer flood. The exact values of residual oil 
saturation reduction from elastic effect in each image are listed in (d), which 
are comparable to the total residual oil reduction (5%) from effluent readings. 
 As shown in Figure 4.9 (a), the inlet and outlet end of the core are on the bottom 
and top respectively. The five images shown are 1”, 3.5”, 6”, 8.5”, and 11” distance away 
from the inlet. Residual oil saturation after glycerin flood (b) are 0.138, 0.268, 0.261, 0.242, 
and 0.285, respectively, and the oil saturation after polymer flood (c) are 0.117, 0.215, 
0.213, 0.203, and 0.137, respectively, from bottom to top of the core. The corresponding 
residual oil saturation reductions from the viscoelastic polymer are 2.1%, 5.3%, 4.8%, 
3.9% and 14.8%, respectively. The residual oil saturation reductions in the middle three 
slices are comparable to the 5% of average residual oil saturation reduction. Since the initial 
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residual oil saturation (Sor,gly) in the most left slice was the lowest, residual oil saturation 
reduction was much lower correspondingly. The initial oil saturation of the slice at the 
entrance is extremely low, less residual oil saturation reduction was observed. On the other 
end of the core, due to the design of the epoxy core, more oil was trapped between the right 
end of the core and polycarbonate end cap (design end effect), which causes larger residual 
oil saturation at the end of the core (this is not a capillary end effect) after glycerin flood, 
and higher residual oil saturation reduction.  
 Oil saturations after oil flood (initial oil saturation, Soi), waterflood (Sorw), glycerin 
flood (Sor_gly) and viscoelastic polymer (Sorp) are shown in Figure 4.10, where slice number 
from core inlet to outlet is shown on x-axis. From the oil saturation distributions, it was 
found that even Bentheimer core is relative homogeneous (Ehrenfried, 2013; Erincik, 2017 
and Qi et al, 2017), oil saturation still varies.  
 
Figure 4.10 Oil saturations after oil flood (initial oil saturation, Soi), waterflood (Sorw), 
glycerin flood (Sor_gly) and viscoelastic polymer (Sorp) are shown above. 
Scanning slice number from core inlet to outlet is shown on x-axis. 
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A summary of oil saturation reductions (ΔSor) after each flood (waterflood, glycerin 
and VE polymer floods) are shown in Figure 4.11. Oil saturation reductions from the first 
half of the core (slice #1 to #17) are very constant (~5%), and large variations are found at 
the end of the core.   
 
Figure 4.11 A summary of oil saturation reductions (ΔSor) after each flood (waterflood, 
glycerin and VE polymer floods) are shown in Figure 4.11. Oil saturation 
reductions from the first half of the core (slice #1 to #17) are very constant 
(~5%), and large variations are found at the end of the core.   
 Global and local (sectional) pressure gradients for each flood were recorded. In 
Figure 4.12, glycerin flood pressure data is on the left and polymer flood is on the right. 
Viscous glycerin (75 cp) displaced less viscous brine (0.95 cp), so the local pressure 
gradient at section 1 was high at low pore volumes. The oil bank moves along the core with 
pore volumes injected as observed from the local peaks in pressure gradient (sections 1-4). 
In the polymer (75 cp at 4s-1) flood, glycerin is displaced which has a similar viscosity as 
the polymer. The oil bank (peak in section 1 pressure gradient) was small at early pore 
 87 
volumes injected due to the low viscosity ratio. The oil bank accumulated with pore 
volumes injected as seen by the increased peak in local pressure gradients (from section 1 
to 4). Polymer breaks through relative quickly (~0.4 pore volumes) in Figure 4.12b 
compared to the water breakthrough in Figure 4.12a (~0.7 pore volumes). The early 
breakthrough may be a result of lower polymer viscosity in the high permeability regions 
because of the shear-dependence of viscosity for the non-Newtonian polymer.  
 
(a)                                                               (b) 
Figure 4.12 Pressure data from glycerin flood (left), and polymer flood (right). Global 
pressure along one-foot-long core are both about 10psi. Viscous glycerin was 
displacing less viscous brine, so the local pressure gradient at section 1 was 
high, and the pressure peak decreases from section 1 to section 4 (left). 
Viscoelastic polymer was displacing inelastic viscous glycerin, so sectional 
pressure gradient started low and increased with oil bank being accumulated 
from section 1 to section 4.    
  
Global capillary number was controlled by imposing a constant pressure gradient 
and was well below the “knee” (~10-4) of the CDC curve (Figure 4.1). Figure 4.13(a) shows 
that the global capillary number is ~2.0-3.0 ×10-5; however, the local (sectional) pressure 
gradients (and therefore capillary number) are higher at the oil bank (Figures 4.13 b-e). 
Nonetheless, even the sectional capillary numbers are less than 1×10-4. 
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Figure 4.13 One-foot-long core global capillary number is (a), and local sectional capillary 
numbers are (b), (c), (d) and (e). The y-maximum is the critical capillary 
number (10-4) from CDC cure in Figure 4.1.  
 
 To investigate the effect of the polymer at low NDe, the pressure gradient during the 
polymer flood in core flood No.3 was reduced to 3 psi/ft. Waterflood brine and glycerin 
floods were performed using the same procedure as experiments 1 and 2. Both floods were 
injected at a differential pressure of 10 psi/ft. From the CDC curve (Figure 4.1), operating 
conditions remain below the critical capillary number. The concentration of polymer 
solution was reduced from 2100ppm to 1800ppm (salinity remained 10000ppm NaCl and 
1000ppm NaHCO3) to maintain a viscosity around 75cp at shear rate of 3 sec
-1.  
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Figure 4.14 Low NDe polymer displacing oil. Waterflood brine and glycerin solution were 
injected at 10 psi/ft, which is the same as waterflood and glycerin flood in the 
previous two parallel experiments. To reduce the NDe, polymer concentration 
was reduced from 2100ppm to 1800ppm, low pressure gradient was decreased 
to 3 psi/ft. The viscosity of polymer solution was measured at 3 sec-1 because 
of lower pressure gradient. After HPAM polymer flood (3 psi/ft) reached 
steady state, pressure gradient was increased to 10 psi/ft with exactly the same 
polymer. Since the polymer had a viscosity of 75cp at shear rate of 3 sec-1, it 
has an apparent viscosity of about 10cp (<75cp) at the pressure gradient of 10 
psi/ft because of higher equivalent shear rate. However, there was still another 
10% residual oil saturation reduction from the second polymer flood. This 
result indicates strong viscoelastic effect on reducing residual oil saturation.   
 
The waterflood reduced the oil saturation from 0.9 to 0.35, and the glycerin flood 
reduced it further down to 0.31 (Figure 4.14). Waterflood and glycerin flood were both 
performed at 10psi/ft, pressure data of glycerin flood is shown in Figure 4.15(a). Residual 
oil was first flooded with a low viscoelastic polymer by injection at a lower pressure 
gradient. The subsequent polymer flood was injected at 3psi/ft (Figure 4.15(b)), and the 
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NDe was low (NDe =0.69), indicating low elasticity. No apparent reduction in residual oil 
saturation was observed from this low elastic polymer flood, consistent with the hypothesis 
that it is the polymer elasticity that recovers additional residual oil.  
 
Figure 4.15 Glycerin flood was performed at 10psi/ft. 
To further examine the effect of elasticity, the pressure gradient on the core was 
increased to 10 psi/ft (Figure 4.16). Since the polymer is shear thinning, the apparent 
viscosity at steady state was about 10cp at the higher shear rates; the lower polymer 
viscosity should be even less effective at sweep. However, at this higher pressure 
gradient/velocity, the NDe was 13.65, higher than the previous flood (0.61). The residual oil 
saturation was reduced significantly during the polymer flood, from 0.31 to 0.21 (shown 
in Figure 4.14), and Figure 4.16 shows the polymer flooding pressure data.  
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Figure 4.16 Pressure data of the second polymer flooding at 10psi/ft 
 Another way to increase NDe is to increase the polymer relaxation time. We changed 
the concentration and salinity of polymer. In core floods No.4 through 6, the core was 
flooded with low salinity brine before the oil flood. In core flood No.4, Waterflood brine 
only contained 400ppm NaHCO3 without NaCl, and both glycerin and polymer solutions 
were mixed with this low salinity waterflood brine. The viscosity of glycerin solution and 
that of polymer solution at shear rate of 3 sec-1 are the same. Polymer concentration was 
adjusted to 600ppm due to low salinity, and relaxation time was increased to >2 seconds. 
Oil recovery results from core flood No. 4, 5 and 6 are shown in Figure 4.17 (a), (b) and 
(c) respectively.   
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(b) 
 
Figure 4.17: continued next page 
 
 
 
 
 
 
 
 
 
 93 
(c) 
Figure 4.17 Three low salinity repeated core floods No.4 (see (a)), 5 (see (b)), and 6 (see 
(c)). In all three core floods, waterflood brine, glycerin and HPAM polymer 
have a low salinity of 400ppm NaHCO3. In (a), waterflood brine, and glycerin 
(~75cp) were injected at 10 psi/ft, and polymer (~75cp @3sec-1) was injected 
at 3 psi/ft. In (b), brine, glycerin (~75cp), and polymer (~75cp @3sec-1) were 
all injected at 3 psi/ft. To investigate higher polymer velocity on viscoelastic 
effect, viscosity of both glycerin and polymer were reduced to 55cp, and the 
results are in (c).  
 
 In No.4, the low salinity waterflood had an oil recovery of about 67% (0.89 to 
0.218). There was only another 1.2% oil saturation reduction from the glycerin flood. The 
polymer flood that followed was injected at a (relatively low) pressure gradient of 3 psi/ft, 
but the NDe (NDe=26.52) was still relatively high. An additional 2.7% (0.206 to 0.179) 
reduction in oil saturation was observed. It should be noted that the pressure gradient of 
waterflood and glycerin flood were also reduced to 3 psi/ft (same as polymer flood to 
produce the same capillary number) in No.5. In this core flood, oil saturation was reduced 
from 0.9 to 0.288 (waterflood), 0.252 (glycerin flood), and 0.249 (polymer flood, 
NDe=22.74). In No.6, the apparent viscosity of glycerin and polymer were reduced from 
75cP to 55cP, and oil saturation is reduced from 0.91 to 0.358 (waterflood), 0.29 (glycerin 
flood), and 0.28 (polymer flood, NDe=16.63). Average global and sectional pressure 
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gradients of both glycerin (left) and polymer (right) floods are shown in Figure 4.18. There 
are fluctuations in the global pressure gradients because low pressure gradients are relative 
hard to control, but oil bank can still be observed from sectional polymer data.  
 
(a)
(b) 
Figure 4.18 Pressure data from glycerin flood (a), and polymer flood (b). Average global 
pressure along one-foot-long core are both about 3psi. Viscoelastic polymer 
was displacing inelastic viscous glycerin, so sectional pressure gradient 
started low and increased with oil bank being accumulated from section 1 to 
section 4 (b).    
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4.6 CONCLUSIONS 
1) Viscoelastic polymer (HPAM) was effective at increasing oil recovery over purely 
viscous fluids (water and glycerin) in homogeneous Bentheimer cores. 
2) The improved oil recovery was residual oil saturation and not remaining oil (a 
sweep effect). Residual oil saturation was obtained by using viscous glycerin 
sweep the core post waterflood, and CT scans were used to confirm residual oil 
saturation. 
3) Residual oil saturation reductions are not significant from low pressure gradient 
polymer floods because of low oil saturation before polymer flood.  
4) A relatively high Deborah number is required to reduce residual oil from 
viscoelastic effect and it is difficult to reach in reservoirs except the near-bore 
area.  
5) Other laboratory phenomena (such as capillary end effect and high capillary 
numbers) were discounted as the reason for improved recovery. 
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Chapter 5 Polymer Hydrolysis Rheology Study 
5.1 INTRODUCTION 
The Deborah number for flow a given porous medium can be increased by 
increasing the polymer injection velocity and/or the relaxation time (Equation 2.25). In 
laboratory core flood experiments, the easiest way to increase Deborah number is to inject 
aqueous polymer at a higher pressure gradient (or a higher velocity), however, this is not 
always feasible in the oil field due to limits on polymer injectivity. Therefore, this work 
focuses on increasing the polymer relaxation time. Relaxation time is a function of polymer 
type, molecular weight, concentration and degree of hydrolysis. However, changing these 
variables to increase relaxation time usually have the effect of simultaneously increasing 
viscosity, which affects injectivity. Furthermore, increasing the concentration can be 
expensive and increasing molecular weight can cause pore plugging issues. 
Polymer hydrolysis has been shown to increase viscosity at low shear rates by a 
factor of 1.5-2 in soft brine, and HPAM polymer is also stable in brine with low hardness 
(Levitt and Pope, 2008). A detailed, systematic study of the effect of hydrolysis on 
relaxation time has not yet been performed. The objective of this work was to quantify the 
effect of hydrolysis on the viscosity and elasticity of polymers over a wide range of 
conditions of interest to EOR. The motivation for this approach was that it is possible to 
achieve a higher relaxation time without an increase in the molecular weight or cost of the 
polymer.  
5.2 EXPERIMENTAL APPROACH   
Three polymers with different polymer molecular sizes were studied, HPAM 3630s 
(~18 Million Dalton), HPAM 3330s (~8 Million Dalton) and AN-125 (~8 Million Dalton). 
AN-125 is a copolymer of acrylamide (AM) and 2-acrylamido 2-methyl propane sulfonate 
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(AMPS), and it has a similar molecular weight as HPAM 3330s but different molecular 
structure.  
A mother solution with concentration of 5000ppm in 0.1%NaCl brine was first 
made for each type of polymer, and it was hydrated in a container with an argon blanket 
on the top for two days. The mother solution was diluted to the desired polymer conditions 
(concentration, salinity and pH). Concentrations of 1500, 3000 and 4500pm were chosen 
for HPAM 3630s and AN-125, and 3500, 4500 and 5500ppm were used for HPAM 3330s. 
Two different salinities were studied (30000 and 80000ppm TDS). High pH (~10) polymer 
solutions were diluted with brine containing Na2CO3 and low pH (~8) solutions were 
diluted with brine containing NaHCO3 instead. Desired polymer conditions are shown in 
Table 5.1. To protect the low pH polymer solutions from degrading, 2-isopropanol alcohol 
(IPA) and thiourea (antioxidants) were used. 
Diluted polymer solutions were bubbled with argon for 5-6 hours (Figure 5.1 (a)). 
Polymer ampules were filled with argon, and degassed aqueous polymer was transferred 
to the ampules (Figure 5.1 (b)). Ampules with polymers were attached to the polymer 
hydrolysis vacuum setup, and they were sealed with methane and oxygen flame after 20 
minutes of vacuuming (Figure 5.1 (c)). Sealed ampules were labeled and saved in an oven 
at 45 or 70 °C, and one sample was cracked each day to perform the rheology 
measurements (dynamic frequency sweep and steady sweep tests) (Figure 5.1 (d) and (e)). 
Relaxation time is measured by the G’ and G” crossover from Dynamic frequency sweep, 
and viscosity at low shear rates from steady sweep tests can indicate if polymer degrades. 
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Figure 5.1 Polymer hydrolysis procedures: (a) diluted polymers; (b) degas polymer 
ampules and transfer polymer solutions from round bottle flask to the polymer 
ampules; (c) transfer polymer ampules with polymers to the vacuuming 
hydrolysis set-up; (d) seal the ampules with oxygen and methane; (e) perform 
polymer rheology tests from day 0 to steady state on each day.  
5.3 LIST OF POLYMER HYDROLYSIS SAMPLES 
Polymer hydrolysis samples for each of the three types of polymers are listed in 
Table 5.1. Polymer solutions with two pHs were studied, where NaHCO3 and Na2CO3 were 
used to increase the pH to 8 and 10. Total salinities of 30000 and 80000ppm were used, 
and dissolved polymer solutions were hydrolyzed at two different temperatures, 45 and 70 
°C. Three types of polymer concentrations were studied for HPAM 3630s (1500, 3000 and 
4500ppm) and HPAM 3330s (3000 and4500ppm). Concentrations of 3000 and 4500ppm 
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were used for AN-125. This hydrolysis rheology study includes 56 samples at different 
conditions, and the rheology measurements (dynamic frequency sweep and steady rate 
sweep tests) were performed for samples each day until steady state was reached (e.g. from 
day 0 to day 6). All the solution conditions are summarized in Table 5.1.  
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Table 5.1 Desired polymer solutions used for polymer hydrolysis study on relaxation time 
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5.4 LIST OF POLYMER HYDROLYSIS RESULTS OVER TIME 
All the rheology results for Table 5.2-5.4 can be found in Appendix C.  
Table 5.2 HPAM 3630s polymer hydrolysis results. Terms K and n are fitting parameters for the power law model. 
C TDS T K
ppm ppm Initial Final °C Initial Final Initial Final Pa-sn
0.16 45 133.01 4 21.84 85.93 0.62
0.16 70 153.07 2 22.50 84.94 0.63
0.11 45 99.05 6 18.25 61.04 0.67
0.09 70 76.87 2 18.11 58.04 0.65
2.04 45 1392.00 6 61.31 335.65 0.52
1.92 70 1434.70 6 63.68 363.85 0.50
0.57 45 613.46 5 48.55 234.35 0.56
0.54 70 1444.60 3 64.12 359.00 0.51
4.68 45 4047.00 5 112.07 826.06 0.43
5.40 70 4634.20 4 117.37 832.23 0.42
2.69 45 3239.10 5 102.31 679.99 0.46
2.90 70 2998.20 2 102.79 658.58 0.47
0.10 45 91.07 2 16.91 51.94 0.68
0.11 70 128.14 3 20.14 66.14 0.66
0.09 45 44.27 3 14.97 40.75 0.72
0.09 70 67.57 3 16.04 45.02 0.71
0.86 45 727.93 4 47.53 225.27 0.56
1.20 70 1206.00 4 58.93 310.70 0.52
0.44 45 466.75 5 42.70 178.60 0.60
0.53 70 596.42 3 46.77 214.54 0.57
1.06 45 959.15 3 53.26 268.17 0.54
2.29 70 1771.10 4 67.08 398.29 0.49
0.61 45 482.53 3 46.06 206.46 0.57
0.44 70 680.85 3 50.71 246.40 0.55
DayExp
2%Na2CO3
2%NaHCO3
30000
80000
30000
80000
30000
80000
30000
80000
30000
80000
30000
80000
µ (cp) @30s
-1
40.26
48.76
43.91
0.09
0.79
n
87.38
84.38
16.52
16.44
15.90
46.52
41.13355.1
65.2
14.93
45.89
1743.8
77.82
52.013
1500
3000
2.60
pH
µ (cp) @0.1s
-1
1.57
τr  (sec)
0.31
53
636.48
0.10
0.09
0.75
0.09
2157.4
403.11
615.93
411.36
765.06
0.39
0.45
0.83
4500
1500
1%NaCl
3000
4500
1%NaCl
6%NaCl
1%NaCl
1%NaCl
6%NaCl
6%NaCl
~10.5
~8.0
6%NaCl
6%NaCl
1%NaCl
6%NaCl
1%NaCl
 102 
Table 5.3 HPAM 3330s polymer hydrolysis results. 
C TDS T K
ppm ppm Initial Final °C Initial Final Initial Final Pa-sn
0.16 45 133.01 4 21.84 85.93 0.62
0.16 70 153.07 2 22.50 84.94 0.63
0.11 45 99.05 6 18.25 61.04 0.67
0.09 70 76.87 2 18.11 58.04 0.65
2.04 45 1392.00 6 61.31 335.65 0.52
1.92 70 1434.70 6 63.68 363.85 0.50
0.57 45 613.46 5 48.55 234.35 0.56
0.54 70 1444.60 3 64.12 359.00 0.51
4.68 45 4047.00 5 112.07 826.06 0.43
5.40 70 4634.20 4 117.37 832.23 0.42
2.69 45 3239.10 5 102.31 679.99 0.46
2.90 70 2998.20 2 102.79 658.58 0.47
0.10 45 91.07 2 16.91 51.94 0.68
0.11 70 128.14 3 20.14 66.14 0.66
0.09 45 44.27 3 14.97 40.75 0.72
0.09 70 67.57 3 16.04 45.02 0.71
0.86 45 727.93 4 47.53 225.27 0.56
1.20 70 1206.00 4 58.93 310.70 0.52
0.44 45 466.75 5 42.70 178.60 0.60
0.53 70 596.42 3 46.77 214.54 0.57
1.06 45 959.15 3 53.26 268.17 0.54
2.29 70 1771.10 4 67.08 398.29 0.49
0.61 45 482.53 3 46.06 206.46 0.57
0.44 70 680.85 3 50.71 246.40 0.55
DayExp
2%Na2CO3
2%NaHCO3
30000
80000
30000
80000
30000
80000
30000
80000
30000
80000
30000
80000
µ (cp) @30s
-1
40.26
48.76
43.91
0.09
0.79
n
87.38
84.38
16.52
16.44
15.90
46.52
41.13355.1
65.2
14.93
45.89
1743.8
77.82
52.013
1500
3000
2.60
pH
µ (cp) @0.1s
-1
1.57
τr  (sec)
0.31
53
636.48
0.10
0.09
0.75
0.09
2157.4
403.11
615.93
411.36
765.06
0.39
0.45
0.83
4500
1500
1%NaCl
3000
4500
1%NaCl
6%NaCl
1%NaCl
1%NaCl
6%NaCl
6%NaCl
~10.5
~8.0
6%NaCl
6%NaCl
1%NaCl
6%NaCl
1%NaCl
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Table 5.4 HPAM 3330s polymer hydrolysis results. 
 
C TDS T K
ppm ppm Initial Final °C Initial Final Initial Final Pa-sn
0.036 45 19.90 5 15.67 26.12 0.84
0.035 70 21.11 3 16.81 28.89 0.84
0.034 45 21.80 3 17.40 28.28 0.85
0.034 70 23.83 3 18.12 30.62 0.84
0.029 45 54.15 4 37.33 82.77 0.74
0.029 70 66.79 3 40.29 97.04 0.73
0.028 45 43.63 3 31.43 64.17 0.79
0.028 70 45.32 3 32.78 68.57 0.78
0.036 45 18.57 3 14.11 21.98 0.86
0.035 70 24.25 3 18.56 34.20 0.82
0.037 45 14.16 4 12.95 15.37 0.95
0.037 70 17.25 4 14.44 22.08 0.87
0.029 45 39.59 2 28.04 57.58 0.78
0.030 70 63.59 4 37.25 93.73 0.73
0.029 45 31.88 2 22.44 39.16 0.83
0.029 70 40.96 2 28.10 55.33 0.80
2% Na2CO3
2% NaHCO3 
pH
τr  (sec)
1%NaCl
3000
0.0336%NaCl
~10.5
6%NaCl
Exp
13.24 11.87
30000
n
µ (cp) @30s
-1
µ (cp) @1s
-1
0.034 14.25 11.32
80000
Day
13.29
6%NaCl
23.90
~8.5
1%NaCl
4500
30000 0.029
80000 0.028 29.12
32.53 25.25
1%NaCl
3000
30000 0.035 16.183
80000 0.032 12.5
26.29 21.50
10.80
1%NaCl
4500
30000 0.028 36.6 25.99
6%NaCl 80000 0.029
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5.5 EFFECTS OF POLYMER HYDROLYSIS ON RELAXATION TIME OVER TIME 
5.5.1 Effects of Polymer Concentration  
Figure 5.2 shows the effect of hydrolysis time on relaxation time for HPAM 3630S 
at different concentrations, pHs, and temperatures. The results include polymer solution 
with a salinity of 3%TDS in this study. As shown in Figure 5.2 (a), polymer hydrolysis 
almost has no effect on relaxation time at low pH (~8) and low hydrolyzed temperature 
(45°C). Relaxation time was higher for larger polymer concentrations, but the relaxation 
time did not increase over time from hydrolysis at 45°C and lower pH for any 
concentration.  
At the same low pH, relaxation time does increase from hydrolysis at elevated 
temperatures (70 °C) when the polymer concentration is high (3000 and 4500 ppm). Figure 
5.2 (c) shows that polymer samples with concentrations of 1500, 3000 and 4500ppm 
increased from 0.111 sec to 0.135 sec by a factor of 1.2 (1500ppm), from 0.788 sec to 1.502 
sec by a factor of 1.9 (3000ppm) and from 1.04 sec to 2.277 sec by a factor of 2.19 
(4500ppm), respectively, from the hydrolysis.   
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Figure 5.2 Polymer concentration effect (1500, 3000 and 4500ppm) on relaxation time 
from HPAM 3630s hydrolysis. Solutions with a TDS of 30000ppm 
hydrolyzed at 45°C with NaHCO3 pH (~8) are shown in (a), and solutions 
with Na2CO3 pH (~10.5) are shown in (b).  Solutions with a TDS of 
30000ppm hydrolyzed at 70°C with NaHCO3 pH (~8) are shown in (c) and 
with Na2CO3 pH (~10.5) are shown in (d).   
Compared to the solutions at lower pH (a) and (c), the samples in (b and (d)  were 
prepared with Na2CO3 instead of NaHCO3 to achieve a higher pH (~10.5).   Relaxation 
time increased with hydrolysis for all samples and the increase was more significant for 
samples of higher concentration. In Figure 5.2 (b), polymer samples with concentrations 
of 1500, 3000 and 4500ppm have a larger increase in relaxation time compared to the 
similar solutions in Figure 5.2 (a). Relaxation time of the polymers with concentrations of 
1500, 3000 and 4500ppm increased from 0.096 to 0.154 sec (a factor of 1.6), from 0.749 
to 2.04 sec (a factor of 2.72) and from 2.6 to 4.45 sec (a factor of 1.71) respectively. The 
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increments are much higher than those in Figure 5.2 (a). Figure 5.2 (d) shows that polymer 
samples with concentrations of 1500, 3000 and 4500ppm increased from 0.096 sec to 0.158 
sec by a factor of 1.64 (1500ppm), from 0.749 sec to 1.9 sec by a factor of 2.54 (3000ppm) 
and from 2.6 sec to 5.17 sec by a factor of 2 (4500ppm) respectively from the hydrolysis 
(70°C).  A high hydrolyzing temperature accelerates the hydrolysis reaction rate, which 
helps polymer solutions reach the plateau in a shorter time compared to (b) and (d).     
 Figure 5.3 includes polymer solutions with a TDS of 8%, and other conditions are 
the same with the samples in Figure 5.2. When the salinity is high, the effect of polymer 
concentration on increasing relaxation time is more obvious. At low pH, Figure 5.3 (a) 
shows hydrolysis does not increase relaxation time at low temperature (45°C), but the 
relaxation of 4500ppm polymer increased from 0.392 to 0.629 sec by a factor of 1.6 at a 
higher hydrolyzed temperature (70°C) (Figure 5.3 (c)). In Figure 5.3 (b) and (d), polymers 
with both 3000 and 4500ppm have relaxation time increased by a factor of 1.7 to 1.9 at 
high pH, but not much for 1500ppm polymer.   
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Figure 5.3 Polymer concentration effect (1500, 3000 and 4500ppm) on relaxation time 
from HPAM 3630s hydrolysis. Solutions with a TDS of 80000ppm 
hydrolyzed at 45°C with NaHCO3 pH (~8) is shown in (a) and with Na2CO3 
pH (~10.5) is shown in (b).  Solutions with a TDS of 80000ppm hydrolyzed 
at 70°C with NaHCO3 pH (~8) is shown in (c) and with Na2CO3 pH (~10.5) 
is shown in (d).   
5.5.2 Effects of pH and salinity  
Both pH and salinity have a significant effect on increasing polymer relaxation time 
from additional hydration. Low salinity solutions result in a  larger polymer molecular 
hydrodynamic diameter, which increases the polymer stretching rate and relaxation time. 
Each subfigure in Figure 5.4 includes polymer solutions with similar conditions but 
different salinity or pH. For example, green and blue curves in Figure 5.4 (a) present 
polymer solutions with a concentration of 4500ppm, pH of ~10.5 (Na2CO3), and a 
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hydrolysis temperature of 45°C, but different TDS. The relaxation time of polymers with 
a lower salinity (3%, green curve) increased from 2.6 to 4.45 sec (a factor of 1.71), but the 
solution with 8% TDS had relaxation time increased from 1.57 to 2.5 sec (a factor of 1.6). 
The same polymer solutions hydrolyzed at 70°C are shown in Figure 5.4 (b). The solution 
with a lower salinity (3%, green curve) had an increase by a factor of 2.0 in relaxation time 
from 2.6 to 5.18 sec, and the one with a higher salinity (8%, blue curve) only had an 
increase a factor of 1.5 in relaxation time from 3 to 4.4 sec. Polymer solutions with a lower 
salinity can have a higher increase in relaxation time than at the other conditions, and this 
phenomenon is more significant for the 3000ppm polymer samples.    
The pH of a solution is an important factor in polymer hydrolysis. Levitt et al. 
(2010) showed that viscosity can be almost doubled at a higher pH condition with a short 
time of hydrolysis, and solutions were thermally stable. The effect of pH on relaxation time 
can also be observed in Figure 5.4. In Figure 5.4 (a), both green and purple curves present 
HPAM 3630s solutions with 4500ppm in concentration, hydrolyzed temperature of 45°C 
and TDS of 3%. One solution (green curve) mixed with Na2CO3 had a higher pH~10.5, but 
the other one (purple curve) mixed with NaHCO3 had a lower pH ~8. The relaxation of the 
solution with a lower pH only increased from 1.03 to 1.06 sec (a factor of 1.02). Compared 
to the increase by a factor of 1.71 in relaxation time from the high pH solution (green 
curve), a high pH significantly improves the relaxation time from polymer hydrolysis. 
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Figure 5.4 The effect of pH and salinity on relaxation time from polymer HPAM 3630s 
hydrolysis. Temperature, TDS and pH are listed in the legend in each figure. 
Polymer solutions with a concentration of 4500ppm are shown in (a) and (b); 
3000ppm are shown in (c) and (d); 1500ppm are shown in (e) and (f).  
Similar results can be found in Figure 5.4 (c), where both green and purple curves 
present HPAM 3630s solutions with 3000ppm in concentration, hydrolyzed temperature 
of 45°C and TDS of 3%. One solution (green curve) mixed with Na2CO3 had a higher 
pH~10.5, but the other one (purple curve) mixed with NaHCO3 had a lower pH ~8. The 
relaxation time in the green curve (pH~10.5) increased from 0.749 to 2.04 sec (a factor of 
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2.72), and from 0.788 to 0.856 sec (a factor of 1.08) for the purple curve (pH~8). At a 
higher hydrolyzed temperature, an increase in relaxation time with increasing pH was 
observed. In Figure 5.4 (b), relaxation time of 4500ppm HPAM 3630s (70°C, TDS=3%, 
pH~8, purple curve) increased from 1.04 to 2.28 sec (a factor of 2.19), and from 0.788 to 
1.502 sec (a factor of 1.92) for 3000ppm HPAM 3630s (70°C, TDS=3%, pH~8, purple 
curve in Figure 5.4 (d)). However, the increase is still not significant with that from a higher 
pH solution.   
5.5.3 Effects of hydrolyzed Temperature  
Hydrolysis is a chemical process, which breaks and forms chemical bonds, and this 
reaction change requires energy. On one hand, temperature as a thermal energy resource 
affects the reaction rate of the hydrolysis process. On the other hand, polymer stabilization 
at high temperature is also a significant aspect in polymer screening. Levitt et al. (2008) 
found that HPAM polymers do not degrade within 220 days at 100°C with dithionite 
present.  Figure 5.5 shows the effect of hydrolysis on polymer relaxation time at different 
conditions. All polymer solutions in Figure 5.5 (a), (c) an (e) have a TDS of 3%, and 8% 
for the all the solutions in the Figure 5.5 (b), (d) and (f). At a high pH, a high temperature 
only accelerates the hydrolysis speed, but the maximum stable relaxation times are the 
same with those from polymers hydrolyzed at a lower pH environment with other 
conditions the same, which can be seen from the green and blue curves in (a) to (e) in 
Figure 5.5. Both blue and green curves in each (a) to (e) in Figure 5.5 have the same 
polymer concentration, TDS and pH except the hydrolyzed temperature. Both curves (blue 
and green) stabilized at the same relaxation time over time. For example, the relaxation 
times of 3000ppm HPAM 3630s with a TDS of 3% stabilized at 2 seconds from hydrolyzed 
temperatures of both 45°C and 70°C. When the pH is low, the relaxation times of the 
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solutions hydrolyzed at a high temperature still increased by a factor of 1.5 to 2, which can 
be observed from the red curves in each (a) to (e). Relaxation time was increased from 1.04 
to 2.28 seconds in Figure 5.5 (a). and from 0.788 to 1.574 seconds in Figure 5.5 (c). 
However, the relaxation times barely changed from the solutions hydrolyzed at a low 
temperature, which can be seen by the purple curves in each (a) to (e). 
 
Figure 5.5 The effect of hydrolyzed temperature on relaxation time from polymer HPAM 
3630s hydrolysis. Temperature, TDS and pH are listed in the legend in each 
figure. Polymer solutions with a concentration of 4500ppm are shown in (a) 
and (b); 3000ppm are shown in (c) and (d); 1500ppm are shown in (e) and (f). 
 112 
5.5.4 Effect of polymer structure 
AN-125 has a molecular weight of 8 million Dalton, which is about the same as 
HPAM 3330s. Unlike HPAM 3330s, AN-125 is a poly(AM-co-AMPS) copolymer, which 
is a type of sulfonated polyacrylamide polymer. The structure of sulfonated polyacrylamide 
is shown in Figure 5.6.  
 
Figure 5.6 Structure of sulfonated polyacrylamide (FLOPAAM for Enhanced Oil 
Recovery, SNF).  
AN-125 and HPAM 3330s are used to study the effect of polymer structure on 
relaxation time from polymer hydrolysis. Results of AN-125 polymer viscosity@0.1s-1 and 
relaxation time over time are presented in Figure 5.7, where (a) to (d) are AN-125 solutions 
with a concentration of 4500ppm at different pH, TDS and hydrolyzed temperature 
conditions, and (e) to (h) are AN-125 solutions with a concentration of 3000ppm. Viscosity 
at the low shear rate (0.1s-1) from each solution at the higher pH (~10.5) had an increase of 
a factor of 1.5 to 2.2 over time from the hydrolysis process. In Figure (a) to (d), solutions 
at the pH of 10.5 had a viscosity of 36.6, 26.29, 32.57 and 29.15cp, respectively at day 0, 
and they were increased to 39.6, 28.9, 57.45 and 44.9cp at the hydrolysis temperature of 
45°C, and 63, 38.16, 70.48 and 49cp at 70°C. Similar increase in viscosity @0.1s-1 was 
observed for the solutions with 3000ppm concentration. The increase in viscosity indicates 
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that polymer solutions did not degrade over time from the hydrolysis. Compared to the 
viscosity, relaxation time of all the AN-125 polymer solutions stayed the same over time 
at different pH, TDS and hydrolysis temperature conditions, which can be seen in Figure 
5.7.    
 
Figure 5.7: continued next page 
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Figure 5.7 Hydrolysis effect from polymer AN-125 with a concentration of 4500 and 
3000ppm on relaxation time and viscosity @s-1 with time are shown in (a) to 
(d) and (e) to (h). Results of polymer solutions with a TDS of 3% and 
hydrolyzed at 45°C are shown in (a) and (e); TDS of 3% and hydrolyzed at 
70°C in (b) and (f); TDS of 8% and hydrolyzed at 45°C in (c) and (g); TDS 
of 8% and hydrolyzed at 70°C in (d) and (h).  
Compared to AN-125, hydrolysis has a more significant effect on the relaxation 
time for HPAM 3330s, despite their similar molecular weights. The effect of hydrolysis on 
relaxation time over time for both AN-125 and HPAM 3330s polymer are shown in Figure 
5.8, where all the solutions in (a) to (d) have a polymer concentration of 4500ppm for both 
polymers, and 3000ppm for solutions in (e) to (h). At low salinity (3% TDS) and high pH 
(10.5), HPAM 3330s samples had an increase in relaxation time with a factor of 1.5 (versus 
the result on day 0) on average (see blue curves in (a), (b), (e) and (f)). Hydrolysis effect 
on relaxation time from polymer samples hydrolyzed at the low temperature (45°C) was 
not significant, which can be seen from the red curves in (a), (b), (e) and (f). When the 
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salinity is increased from 3% to 8%, the hydrolysis effect on polymer relaxation time is not 
obvious either, which can be seen in (c), (d), (e) and (f).  
 
 
Figure 5.8: continued next page 
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Figure 5.8 The effect of molecular types on relaxation time were studied with HPAM 3330s 
and AN-125 solutions. Figure (a) to (d) are solutions with a polymer 
concentration of 4000ppm, and (e) to (h) are solutions with a polymer 
concentration of 3000ppm. HPAM 3330s and AN-125 have similar molecular 
weight but different polymer structures.  Temperature, TDS and pH are listed 
in the legend in each figure. 
5.5 POLYMER RELAXATION TIME MODEL FOR HPAM 3630S     
Stavland et al. (2010) found a correlation for relaxation time versus normalized 
polymer concentration. The normalized polymer concentration is defined as [η]×c, where 
c is the polymer concentration and [η] is the intrinsic viscosity.   They also found that the 
shear thinning exponents (n) in the power law model is linear with the normalized polymer 
concentration.   
 The correlation of shear thinning parameter n and [η]×c from all the HPAM 3630s 
polymer samples before and after hydrolysis are shown in Figure 5.9, and the correlation 
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is n=-0.0058×[η]×c+0.685 with a R2 of 0.77. Theoretically, the interception at y-axis 
should be 1 at polymer concentration of zero, but results at low polymer concentrations are 
scattered. The same behavior was observed by Stavland et al. (2010).  Stavland et al. (2010) 
also found a linear correlation of power law fitting parameter K (cp-sn) and [η]×c, which 
is also repeated here as shown in Figure 5.10.  
 
Figure 5.9 Linear correlation of power law fitting parameter n and normalized polymer 
concentration ([η]×c).  
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Figure 5.10 Linear correlation of power law fitting parameter K and normalized polymer 
concentration ([η]×c).  
Correlations of relaxation time and normalized polymer concentration ([η]×c) at 
low and high pH are shown in Figure 5.11. At a high pH, τr=0.00030×([η]×c)2.70, and the 
correlation is τr=0.00020×([η]×c)1.87 at a lower pH. These two correlations only include 
data the hydrolysis work in Chapter 5.  
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Figure 5.11 Correlations of relaxation time and normalized polymer concentration ([η]×c) 
at low and high pH, and before and after hydrolysis. 
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5.6 COMPARISON OF RELAXATION TIME AND TYPICAL VISCOSITY INCREASE OVER 
TIME FROM HYDROLYSIS 
The purpose of the polymer hydrolysis study was to investigate whether polymer 
relaxation can be increased from the hydrolysis process, which has been proven positively 
in this chapter (at least under some conditions). The second and ultimate goal was to 
determine if a large increase in the relaxation time after hydrolysis would result in a 
decrease in residual oil saturation after polymer flooding without increasing the pressure 
gradient or capillary number. To apply these findings in the core flood an understanding of 
how hydrolysis affects viscosity is important. Increasing viscosity results in lower Darcy 
velocity at the same pressure gradient. Since Deborah number is a function of both velocity 
and relaxation time, hydrolysis could have no net effect (or even a negative net effect) on 
Deborah number. A comparison of the increase in relaxation time and viscosity is 
necessary. Figure 5.12 summarizes the comparison of relaxation time and viscosity (@31s-
1, average shear rate from core floods in Chapter 4 and 6) over time from HPAM 3630s 
hydrolysis at pH of 10.5. Figure (a) to (d) include 1500ppm HPAM 3630s hydrolyzed at 
70 and 45°C with TDS of 30000ppm and 80000ppm, and (e) to (h) are solutions with a 
concentration of 3000ppm, and (i) to (l) are 4500ppm HPAM 3630s.   
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Figure 5.12 Comparison of relaxation time and typical viscosity over time from HPAM 3630s hydrolysis at pH of 10.5.  
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 Solutions at a lower pH were not listed because the increase in relaxation time at 
high pH is faster and larger. All the data in Figure 5.12 were normalized with the data at 
Day 0. Figure 5.11 shows that the relaxation time of HPAM 3630s increases much faster 
than the viscosity, which indicates if this strategy is applied in the core floods, polymer 
floods can have a larger Deborah number. Note that all the solutions shown in Figure 5.12 
were hydrolyzed at a higher pH (10.5). Polymer solutions were neutralized with diluted 
HCl before injection.   
5.7 CONCLUSIONS 
1. Hydrolysis can increase the relaxation time of HPAM 3630s polymer by a factor 
of about two.  
2. The hydrolysis process is fast at a high pH and high temperature conditions, and 
it takes two days on average to reach steady state.  
3. The hydrolysis effect is more significant  (relaxation time was increased by more 
than a factor of two) when the polymer concentration is high. 
4. Hydrolysis works better on polymers with large molecular weights (18 million 
Dalton) than on smaller molecular weight polymers.  
5. The increase in relaxation time is larger than the increase in viscosity at the 
apparent shear rates (20-30s-1) of polymer floods studied in this work.  
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Chapter 6 Core flood experiments with low viscosity oil 
6.1 INTRODUCTION  
 In this chapter, core flood experiments with viscoelastic polymer and low viscosity 
oil are presented. Some authors have reported that viscoelastic polymer cannot reduce 
residual oil in low-viscosity oil reservoirs (Vomolen et al., 2014), but the Deborah numbers 
in the reported polymer floods were low. The effect of polymer viscoelasticity on residual, 
low viscosity oil is studied here by using hydrolyzed polymers. The polymer hydrolysis 
study summarized in Chapter 5 demonstrated that the relaxation time of HPAM 3630s 
increases more than viscosity from hydrolysis at the shear rates (~20-30s-1) typically 
observed in polymer floods in high permeability sandstones.  
HPAM 3630s polymer solutions were dissolved with either NaHCO3 (pH ~8) and 
Na2CO3 (pH~10) and hydrolyzed in a 70°C oven for 4-6 days. Hydrolyzed HPAM 3630s 
polymer solutions were injected after waterfloods. To exclude additional oil recovery 
potentially due to the high pH effect, hydrolyzed HPAM 3630s polymer with Na2CO3 
(pH~10) was neutralized with diluted HCl acid to pH ~8 in one core flood. Unlike the core 
floods presented in Chapter 4, the first viscoelastic polymer flood was followed by another 
aqueous solution that was less elastic, either polymer that had a high salinity and high 
polymer concentration and thus a relatively low relaxation time) or inelastic  glycerin. Two 
different rock types (Bentheimer and Berea) were utilized in the experiments summarized 
in this chapter.  
6.2 LIST OF ROCK TYPES AND CONDITIONS  
Berea cores are relatively heterogeneous compared to Bentheimer sandstones. A 
salinity tracer test of Berea sandstone is shown in Figure 6.1 (Lee, 2015), and the curve is 
not as sharp or smooth as that from Bentheimer sandstone. Berea sandstone also has a lower 
 124 
permeability and a higher clay concentration, which causes its permeability to be more 
sensitive to salinity changes.  
 
Figure 6.1 Normalized effluent salinity during the brine tracer test from 50000ppm NaCl 
to 30000ppm NaCl with a Berea sandstone (Lee, 2015).  
Core properties in each core flood are shown in Table 6.1, which includes the core 
diameter (inches), length (inches), porosity and brine permeability (mD, same with 
waterflood brine). Core flood No. 5 was a  Berea sandstone and other core floods used 
were Bentheimer sandstones. The correction factor “C” was assumed to be equal to  4 for 
all cores.  
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Table 6.1 Rock properties for the core flood experiments with low viscosity oil 
 
6.3 LIST OF CORE FLOOD EXPERIMENTS 
Each core was saturated with waterflood brine after it was flushed with reducing 
iron brine (4%NaHCO3, 1%EDTA and 1%Na2S2O4) until the iron concentration was less 
than 3ppm in the effluent. Low viscosity oil (10cp) flushed each core at ~20psi until the oil 
velocity reached steady state and the oil cut was >98%. A Waterflood was performed after 
the core was aged with oil for two days, and it was followed by a viscoelastic polymer 
flood.  
A summary of the fluids used in the displacement experiments in each core is listed 
in Table 6.2. Incore floods #1-4, hydrolyzed viscoelastic HPAM 3630s polymer solutions 
were used, and the rheology data after hydrolysis is shown in Table 6.3. All rheology data 
(G’ and G” versus angular frequency and viscosity versus shear rate) are included in 
Appendix D.
D L  k C
(in) (in) (mD)
1 1.95 11.70 0.21 2190 4
2 2.00 12.00 0.24 1340 4
3 1.97 11.90 0.25 1450 4
4 2.00 12.00 0.25 1350 4
5 2.02 12.00 0.25 143 4
6 2.01 11.90 0.24 2540 4
#
ROCK PROPERTIES
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Table 6.2 A summary of displacements in each core flood is shown in Table 6.2. In core flood #1-4, hydrolyzed viscoelastic 
HPAM 3630s polymer solutions were used, and rheology data before and after hydrolysis are shown in Appendix 
D. In core flood #2, polymer was hydrolyzed and neutralized with HCl before injection. Polymers in core flood #5 
and 6 are not hydrolyzed (salinity details can be found in each core flood introduction in 6.4).   
 
Table 6.3 A summary of rheology details of each fluid after waterflood in each core flood. “N/A” indicates no flood was 
performed. Terms K and n are fitting parameters from power law model, and relaxation time (τ) is from G’ and G” 
crossover model.  
 
# 1ST FLOOD 2ND FLOOD 3RD FLOOD 4TH FLOOD 5TH FLOOD 6TH FLOOD
1 TS water flood TS polymer  flood TS water flood HS glycerin flood N/A N/A
2 TS water flood
TS polymer  flood
neutralized with HCl (0.5ft/day)
LS low VE polymer
TS polymer  flood
neutralized with HCl (1ft/day)
LS low VE polymer N/A
3 LS waterflood LS polymer flood Hs polymer flood
4 HS waterflood HS polymer flood LS glycerin flood 
5 (Berea) TS waterflood TS polymer  flood HS polymer flood
6 TS waterflood TS glyceir flood LS polymer flood HS polymer flood LS VE polymer LS low VE polymer 
Note TS: typical salintiy; LS: low salinity; HS: high salinity
N/A N/A N/A
Kpoly npoly  Kpoly npoly  Kpoly npoly  Kpoly npoly  Kpoly npoly 
(cp-sn-1) (s) (cp-sn-1) (s) (cp-sn-1) (s) (cp-sn-1) (s) (cp-sn-1) (s)
1 407.5 0.43 2.57 1 1 0 61 1 0
2 229.6 0.52 1.09 117.8 0.75 0.02 229.6 0.52 1.09 117.8 0.75 0.015
3 483.7 0.35 11.78 337.3 0.50 0.60
4 383.7 0.50 0.58 62.0 1 0
5(Berea) 48.7 0.70 0.06 49.8 0.78 0.04
6 54.0 1 0 117.8 0.75 0.02 116.1 0.77 0.015 175 0.47 2.7 116.1 0.77 0.015
N/A
2ND FLOOD 3RD FLOOD 4TH FLOOD 5TH FLOOD 6TH FLOOD
N/A
N/A
N/A
N/A
FLUID RHEOLOGY
Exp
#
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Table 6.4 Measured and calculated results (* indicates measured results) of waterflood and the first viscoelastic (VE) polymer 
flood. The first VE polymer flood is the 2nd flood for core flood #1-5, and the 3rd flood for core flood #6 (v is 
interstitial velocity, ft/day).  
P* TDS v q* krw
0 Sorw
* Nc P* TDS v q* krp
0 Sorp
* (3n+1/4n)(n/n-1) ϒeq app NDe Nc
(psi) (ppm) (ft/day) (ml/min) (psi) (ppm) (ft/day) (ml/min) (1/s) (cp)
0.23 11000 1.1 0.1 0.07 0.348 6.71E-07 10.5 11000 1.1 0.1 0.11 0.238 0.80 19.32 67.76 49.65 3.07E-05
0.2 11000 0.5 0.046 0.06 0.323 3.58E-07 11.6 10000 0.4 0.042 0.07 0.23 0.80 12.10 69.05 13.18 2.08E-05
0.23 1400 1.0 0.103 0.11 0.383 4.44E-07 34.2 1400 1.0 0.103 0.05 0.336 0.81 36.03 42.51 424.44 6.61E-05
0.23 80000 0.9 0.096 0.10 0.254 4.14E-07 9.5 80000 0.9 0.096 0.11 0.228 0.80 21.44 39.04 12.35 1.71E-05
14 3200 4.3 0.45 0.08 0.32 2.67E-06 66 7000 0.9 0.09 0.04 0.27 0.79 104.26 11.85 6.26 1.26E-05
9 11000 0.9 0.096 0.06 0.394 3.05E-05 10 1200 0.9 0.096 0.042 0.384 0.80 29.12 29.11 78.62 3.39E-05
WATERFLOOD THE FIRST VE POLYMER FLOOD
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6.4 CORE FLOOD RESULTS  
6.4.1 Coreflood #1 
 There are two purposes of doing this core flood: 1) study if the viscoelastic effect 
can reduce residual low viscosity oil; 2) determine whether hydrolyzing the polymer will 
be even more effective than non-hydrolyzed polymer at reducing residual oil.  The first 
core flood was performed using a Bentheimer sandstone at a moderate salinity, 10000ppm 
NaCl and 1000ppm NaHCO3 (the same salinity as the two core floods No. 1 and 2 in 
Chapter 4). HPAM 3630s polymer was hydrolyzed at a high temperature (70°C) and high 
pH conditions (pH~10).  
 In core flood No.1, the pore volume was measured to be 140ml from a tracer test, 
and brine permeability was 2190mD. Low viscosity oil (diluted with 27% toluene) with a 
viscosity of 9.6cp at 25°C was injected into the core saturated with waterflood brine at a 
constant pressure of ~20psi. Initial oil saturation was measured to be 0.716 and oil relative 
permeability (kro) was 0.704. After the core was aged with oil for two days, brine with a 
salinity of 10000ppm NaCl, 1000ppm NaHCO3 and 1000ppm Na2S2O4 was injected into 
the core at a constant flow rate of 0.1ml/min (interstitial velocity v=1ft/day). A fractional 
retriever was used to collect effluent, and pressure data were recorded with the Labview 
program. With 3.6 PVs of brine injection, oil saturation was reduced from 0.716 to 0.348 
(Figure 6.2), and pressure gradient stabilized at 0.23psi/ft. End point mobility ratio was 
determined to be 0.99 (<1), which indicates a stable displacement. The oil saturation after 
the slow waterflood with multiple pore volumes of injection is very close to the true 
residual oil saturation. Therefore, it was followed by a viscoelastic polymer flood without 
a viscous glycerin flood in between.   
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 In the viscoelastic polymer flood, 5000ppm HPAM 3630s mother solution (filtered 
with 3 µm filter paper) was diluted to a polymer concentration of 2600ppm with 6000ppm 
NaCl and 5000ppm Na2CO3 (pH~10.2, ~600ml), and the diluted solution was mixed for 3 
hours in a sealed container with an argon blanket on the top. Dynamic frequency sweep 
and steady rate sweep tests results of the diluted polymer before hydrolysis can be found 
in the Appendix (Figure D.1(a) and D.2(a)). Relaxation time was 1.2 sec at day 0, and 
viscosity at shear rates of 17 and 30 s-1 were 64 and 49cp, respectively. The polymer 
solution was then bubbled with argon for 6-7 hours and saved in a sealed storage bottle, 
which was saved in a 70°C oven for 5 days. After five days, relaxation time increased to 
2.5 sec, which is two times greater than 1.2 sec at day 0. However, viscosities at shear rates 
of 17 and 30 s-1 were only increased to 80 and 51cp, respectively, which are not 
significantly different than 64 and 49cp, respectively, at day 0. Therefore, the Deborah 
number from the hydrolyzed polymer flood can be improved without increasing the 
pressure gradient or capillary number significantly. The hydrolyzed polymer was filtered 
with a 1.2 µm filter paper and the filtration ratio was 1.08 (between 1 and 1.2). The polymer 
solution was loaded into a 500ml glass accumulator and injected into the core at a constant 
flow rate of 0.1ml/min (v=1ft/day).   
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Figure 6.2 After oil flood and core aging for two days, waterflood (1%NaCl, 0.1%NaHCO3 
and 0.1%Na2S2O4) was performed at 1ft/day. It was followed by the 
hydrolyzed 2500ppm HPAM 3630s polymer flood (TDS=11000ppm, 
pH~10.3) at 1ft/day. Oil saturation was reduced from 0.348 to 0.238, and NDe 
was 68. The salinity was increased to 5%NaCl in the following glycerin flood 
(1ft/day), and oil saturation was reduced further down to 0.07.    
Figure 6.2 shows that the oil saturation was reduced from 0.348 to 0.238 from the 
viscoelastic polymer flood with a Deborah number of 50. Since the capillary numbers of 
the waterflood and polymer flood were 1.97×10-6 and 2.9×10-6, which are both on the 
“plateau” of CDC curve, the additional 11% of the oil saturation reduction was caused by 
the viscoelastic effect. The pressure plot of the 1st viscoelastic polymer flood is shown in 
Figure 6.3(a), where the pressure gradient at steady state was 10 psi/ft.   
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Figure 6.3 Pressure gradients of tertiary polymer flood and quaternary glycerin flood at 
1ft/day.  
 Waterflood brine was injected after the viscoelastic polymer flood. Two purposes 
of the second waterflood:  1)  the initial guess is that viscoelastic polymer can oscillate 
trapped oil droplets, which might be able to be remobilized by the following waterflood; 
2) The second waterflood can provide a similar start viscosity condition with the polymer 
displacement for the next glycerin flood, and both polymer and glycerin solutions displace 
oil and water. The results can be more comparable.  As shown in Figure 6.2, no additional 
oil was recovered from the second waterflood, but the pressure at the steady state was only 
0.4 psi, which is very low compared to the previous polymer flood (10psi).  
 In our paper, Erincik et al. (2017), a significant percentage of OOIP was reduced 
from a 2nd polymer flood, when the polymer had very low elasticity, high salinity, high 
concentration, and identical viscosity compared to the first polymer flood. It was unclear 
whether the positive result was due the salinity increase, reduction in elasticity, or another 
effect.  Here, we injected glycerin next instead of a second polymer solution, so that we 
could eliminate the elasticity, but maintain viscosity and the same salinity as the first 
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polymer flood. The viscosity of the diluted high salinity glycerin solution (61cp, Figure 
D.1, Appendix D) was designed to have be similar to/slightly lower than the apparent 
viscosity in the polymer flood (67cp). The pressure data from the high salinity glycerin 
flood are shown in Figure 6.3(b), which is close to pressure drops of the previous 
viscoelastic polymer flood. Oil saturation was reduced from 0.238 to 0.07; an incremental 
recovery of 17% was achieved. It is surprising that the incremental oil recovery from the 
glycerin flood is significant. It is found that it takes a few hours (~2hrs) for the low viscosity 
oil and glycerin to separate in centrifuge tubes, but the mechanisms of the incremental oil 
recovery is still unknown.   
6.4.2 Coreflood #2 
Since core flood No. 1 was successful at reducing residual oil saturation, the 
purpose of performing this core flood is to repeat core flood No.1 with pH neutralized (by 
HCl) hydrolyzed polymer. The same type of sandstone (Bentheimer) and low-viscosity oil 
(9.6cp at 25°C) were used in this experiment. The initial oil saturation was 0.71. A 
waterflood with 10000ppm NaCl and 1000ppm NaHCO3 was performed at an interstitial 
velocity, v, of 1ft/day, which reduced oil saturation to 0.323 with 2-3 pore volumes of 
injection.  
A mother solution of 5000ppm HPAM 3630s in DI was diluted into 2500ppm 
HPAM 3630s with 6000ppm NaCl and 5000ppm Na2CO3 (total 700g, pH~10.3). The 
diluted polymer solution was degassed with argon for 7 hours and hydrolyzed in a 70°C 
oven in a well-sealed 1L bottle for 5 days. The pH was increased to 10.6 after 5 days of 
hydrolysis. The dynamic frequency and steady sweep rheology results before and after 
hydrolysis can be found in (a) and (b) in Figure D.3, and (a) in Figure D.4, respectively in 
Appendix D. Relaxation time was increased from 0.6 to 1.32 seconds. Different from the 
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1st polymer flood in core flood No.1, this hydrolyzed polymer was neutralized with HCl to 
keep the pH the same (~8) before injection. Diluted HCl (0.005 g/mole) was added slowly 
into the hydrolyzed polymer solution and mixed with an overhead stirrer. Using an 
additional 25g of 0.005 g/mole HCl, the pH of the hydrolyzed polymer solution was 
decreased to 8.5, which is similar to the pH of the waterflood brine. From the neutralization 
process, polymer concentration and salinity were also changed.  
2 3 3Na CO HCl NaHCO NaCl    (6.1) 
The chemical reaction equation of the neutralization is shown in Equation 6.1. With 
mass balance calculations, 2500ppm HPAM 3630s with 6000ppm NaCl and 5000ppm 
Na2CO3 turned into 2413ppm HPAM 3630s with 8455ppm NaCl and 3268ppm NaHCO3 
after the neutralization procedures. The steady sweep rheology results can be found in 
Figure D.4 (a), and the dynamic frequency results are shown in Figure D.3 (c), Appendix 
D. The relaxation time of the neutralized polymer solution was 1.09 seconds, which 
improves the relaxation time at Day 0 by a factor of two at the same polymer conditions.  
A sample of dissolved HPAM 3630s polymer solution at the same concentration 
and salinity (named polymer 1, 2413ppm HPAM 3630s with 8455ppm NaCl and 3268ppm 
NaHCO3) was made from the same 5000ppm HPAM 3630s mother solution to determine 
if polymer hydrolysis and neutralization with HCl can increase polymer elasticity without 
increasing the viscosity, pressure drop, and capillary number significantly. The polymer 
solution used in the first flood in No.2 core flood is “polymer 2” in Figure 6.4. The viscosity 
versus shear rate results of both polymers are shown in Figure 6.4 (a), where the viscosities 
between shear rate of 5 to 300s-1 are almost the same. However, the relaxation time of 
polymer 2 (1.09sec) was more than doubled of that of polymer 1 (0.45sec) as shown in 
Figure 6.4 (b).  
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Figure 6.4 Polymer 1 is dissolved polymer solution of 2413ppm HPAM 3630s with 
8455ppm NaCl and 3268ppm NaHCO3. Polymer 2 is the hydrolyzed and 
neutralized polymer solution, which has the same polymer concentration and 
salinity with polymer 1. Both polymer 1 and 2 were produced from the same 
mother solution. The viscosity versus shear rate results of both polymers are 
shown in (a), and relaxation time results of polymer 1 (0.45sec) and 2 
(1.09sec) are shown in (b).  
The rheology results show polymers hydrolyzed at a higher pH and neutralized with 
HCl has a higher elasticity than regular dissolved polymers at the same conditions. 
Therefore, the neutralized polymer solution (polymer 2) was filtered with 1.2µm filter 
paper, loaded in a 500ml glass column, and injected at 0.5ft/day. 
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Figure 6.5 Waterflood reduced oil saturation from 0.71 to 0.323. It was followed by the 
neutralized polymer injected at 0.5ft/day (NDe=13.16), 6000ppm HPAM 
3130s with 10000ppm NaCl and 1000ppm NaHCO3 injected at 0.5ft/day, the 
neutralized polymer injected at 1ft/day (NDe=26), and 6000ppm HPAM 3130s 
with 10000ppm NaCl and 1000ppm NaHCO3 injected at 1ft/day. 
In the first polymer flood, the Deborah number was 13.2, and there was an 
additional 5.5% OOIP (residual oil) recovered (Figure 6.5). The pressure atsteady state was 
12psi (Figure 6.6(a)), and the corresponding capillary number was 2×10-5. Another 
polymer flood with a similar chemical environment, salinity and viscosity was injected at 
the same flow rate (0.5ft/day). The second polymer was 6000ppm HPAM 3130s with 
10000ppm NaCl and 1000ppm NaHCO3, and the relaxation time was insignificant 
(0.017sec). The dynamic frequency and steady sweep results are listed in Figure D.3 (d) 
and Figure D.4 (b), Appendix D. Different from the second polymer flood in core flood 
No.1, this second polymer flood had the same salinity with the previous flood, and there 
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was no additional oil recovery observed within almost 2 PVs of polymer injection. The 
pressure at steady sate was 8psi and capillary number was 1.4×10-5.    
 
Figure 6.6 Pressure data of by the neutralized polymer injected at 0.5ft/day (NDe=13.16, 
(a)) and 6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm 
NaHCO3 injected at 0.5ft/day (b).  
To completely repeat the first polymer flood in No.1 experiment, the neutralized 
polymer used in the 1st polymer flood was re-injected at 1ft/day (double the velocity of the 
first polymer flood), which increased the Deborah number to 26 (Figure 6.5). An additional 
oil saturation of 0.03 was recovered on top of the first polymer injection at the small flow 
rate of 0.5ft/day. The pressure stabilized at 16psi, and the corresponding capillary number 
is 2.9×10-5. A high pH polymer solution might change rock wettability and form emulsions 
with oil (polymer flood in Coreflood #1), but the total oil saturation reduction of 8.6% from 
the neutralized viscoelastic polymer (polymer flood in Coreflood #2) proves viscoelastic 
effect on reducing residual oil. The HPAM 3130s polymer (10000ppm NaCl and 1000ppm 
NaHCO3) was injected again but at 1ft/day. The pressure was 13psi at steady state (Figure 
6.7 (b)), but no additional oil was recovered.   
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Figure 6.7 Pressure data of by the neutralized polymer injected at 1ft/day (NDe=26, (a)) and 
6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm NaHCO3 
injected at 1ft/day (b). 
6.2.3 Coreflood #3 
The purpose of coreflood # was to increase the relaxation time of the polymer (and 
therefore Deborah number) by reducing the salinity from 11000 to 1400ppm. In this core 
flood, the same diluted low viscosity oil was injected in the same method as described in 
the first core flood, and the initial oil saturation was 0.73. Brine with 1000ppm NaCl, 
400ppm NaHCO3 and 400ppm Na2S2O4 flooded this core at v=1ft/day after the core was 
aged with oil for two days. Oil saturation was reduced to 0.383 with more than 3 PVs of 
brine injection (Figure 6.8). In the following polymer flood, polymer concentration was 
reduced from 2500 to 1500ppm to control the polymer viscosity. Diluted polymer solution 
(1500ppm HPAM 3630s, 1000ppm NaCl and 400ppm NaHCO3) was hydrolyzed at 70°C 
for 6 days after being bubbled with argon for 6 hours. The dynamic frequency sweep test 
results can be found in Figure D.6 (Appendix D). Relaxation time was increased from 8.28 
to 11.78 sec from hydrolysis, which is a 150% increase. Viscosity was only increased from 
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49.3 to 51.2 cp (104% increase) at shear rate of 30s-1, and from 63.6 to 79.8 cp (125% 
increase) at a shear rate of 17s-1 as shown in Figure D.5 (Appendix D).  
 
Figure 6.8 Waterflood (1000ppm NaCl, 400ppm NaHCO3, and 400ppm Na2S2O4) was 
performed at 1ft/day, and oil saturation was reduced to 0.383. It was followed 
by a hydrolyzed 1500ppm HPAM 3630s polymer flood with the same salinity 
with waterflood brine at 1ft/day, and oil saturation was reduced from 0.383 to 
0.336, and NDe was 424. TDS was increased to 25000ppm in the following 
3548ppm FP3630s polymer flood (1ft/day), and oil saturation was reduced 
further down to 0.267.    
 In this viscoelastic polymer flood, the residual oil saturation was reduced to 0.336. 
With a relaxation time of 11.78 sec and an equivalent shear rate of 36s-1, the Deborah 
number was an extremely high 424 in this polymer flood. Oil bank broke through with 
almost 0.5 PV of the polymer injection. The pressure gradient from the 1st polymer flood 
at steady state was 34.2psi/ft (Figure 6.9(a)). The corresponding capillary number is 
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6.6×10-5, which is still below the critical capillary number (~10-4). The 4% additional 
residual oil saturation reduction is due to the polymer viscoelastic effect.  
 In the second polymer flood, salinity of the polymer solution was increased from 
1400 to 25000ppm. To maintain a similar capillary effect, polymer concentration was 
increased to 3548ppm, and it was injected at 1ft/day. In this second polymer flood, the 
Deborah number (NDe=10.5) was not as high as the first polymer flood due to a small 
relaxation time (τr=0.58 sec), but a large oil bank was observed. It broke through with only 
less than 0.3 PV of the polymer injections, and did not terminate until 1.5 PVs of the 
polymer injections. An additional 7% of the oil saturation was reduced on top of the 4% 
residual oil saturation reduction from the 1st viscoelastic polymer flood. The pressure 
gradient gradually reduced to 14psi, and capillary number at the steady state from the 
second polymer flood was 4×10-5, which is lower than the previous flood (Figure 6.9 (b)). 
 
Figure 6.9 Pressure gradients of tertiary low salinity polymer flood and quaternary high 
salinity polymer flood at 1ft/day.   
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6.2.4 Coreflood #4 
The goal of the next core flood was to investigate the polymer viscoelastic effect at 
high salinity conditions. Another Bentheimer sandstone was used, and it was saturated with 
the same low viscosity oil after iron reducing, tracer and permeability tests. The initial oil 
saturation was 0.747 (Figure 6.10). A high salinity waterflood with 6%NaCl, 2%Na2CO3 
and 1%Na2S2O4 (pH~10.3) flooded this core on the third day after oil flood. It was the first 
time to perform a high pH water flood aiming to match the pH of the following hydrolyzed 
viscoelastic polymer solution. The oil bank from the high pH waterflood turned to be much 
larger than that from the regular lower pH (~8) waterfloods. Brine did not break through 
until 0.56 PVs of injection, which is more than 0.3 PVs from the typical low pH (~8) 
waterfloods. This waterflood recovered 49%OOIP, which reduced oil saturation from 
0.747 to 0.255.  
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Figure 6.10 Waterflood (6%NaCl, 2%Na2CO3, and 1%Na2S2O4) was performed at 1ft/day, 
and oil saturation was reduced to 0.255. It was followed by hydrolyzed 
2600ppm HPAM 3630s polymer flood with the same salinity with waterflood 
brine at 1ft/day, and oil saturation was reduced from 0.255 to 0.228, and NDe 
was 13. Low salinity (5000ppm NaCl) glycerin was injected afterwards 
(1ft/day), and oil saturation was reduced further down to 0.01.    
 In the following viscoelastic polymer flood, 5000ppm HPAM 3630s in DI mother 
solution was diluted to 2600ppm in concentration with the same salinity with waterflood 
brine (6%NaCl and 2%Na2CO3). Similar to previous polymer solutions, the diluted 
polymer solution was bubbled with argon for six hours and hydrolyzed in a 70°C oven. 
Relaxation time was 0.236 sec at day 0 before hydrolysis, and it was increased by a factor 
of 2.3 to 0.576 sec after hydrolysis (day 6). Dynamic frequency sweep test results (before 
and after hydrolysis) can be found in Figure D.8 in Appendix D. The viscosity at a shear 
rate of 30s-1 was increased from 34 to 67cp (Figure D.7 (a), Appendix D). It was filtered 
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with 1.2 µm filter paper and injected at 1ft/day (q=0.096ml/min). The pressure gradient 
stabilized at 9.5 psi/ft at steady state (Figure 6.11 (a)), and the Deborah number was 12.35 
with an equivalent shear rate of 21s-1. Capillary number is 1.22×10-6, which is well below 
the “knee” of the capillary desaturation curve. Oil saturation was reduced from 0.255 to 
0.226.  
 
Figure 6.11 Pressure gradients of tertiary high salinity polymer flood and quaternary low 
salinity glycerin flood at 1ft/day.  
A glycerin flood followed with the purpose of determining whether reducing 
elasticity (without increasing salinity) could further reduce residual saturation. The TDS 
was reduced from 80000ppm to 1000ppm in the glycerin. The viscosity was controlled at 
59cp as previous core floods (Figure D.7, Appendix D). The diluted glycerin solution was 
mixed for three hours, filtered with 1.2 µm filter paper and bubbled with argon for one 
hour before injection. Glycerin solution was injected at 1 ft/day, and pressure data are 
shown in Figure 6.11 (b). The pressure gradient of section 1 increased after the glycerin 
injection started, which indicates a formed oil bank. Oil bank accumulated with the 
displacement along the core, and the pressure gradient raised alternatively from section 1 
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to section 4. The low salinity glycerin flood reduced oil saturation down to 0.01, and 
additional oil saturation reduction of 22% was observed. Again, the high incremental oil 
recovery from glycerin is still undetermined. The capillary number at steady state was 
3.6×10-5.  
6.2.5 Coreflood #5 
In the next core flood, a different type of rock, Berea was used. Berea sandstone 
has a lower permeability and it contains more clay. This one-foot-long and two inches in 
diameter Berea sandstone was prepared in the same way as Bentheimer sandstones. The 
permeability and porosity were measured to be 143 mD and 0.25, respectively. The same 
diluted crude oil (10cp) used in corefloods 1-4 was injected at a constant pressure of 20psi, 
and the initial oil saturation was 0.614. Brine with a salinity of 3000ppm NaCl, 2000ppm 
Na2CO3 and 400ppm Na2S2O4 was injected at 1ft/day, and it reduced oil saturation to 0.322 
with more than three PV’s injection.  
In the following polymer flood, HPAM 3330s was used due to smaller polymer 
molecular size and low rock permeability. Mother solution of 5000ppm HPAM 3330s in 
DI water was diluted to 1500ppm with a salinity of 3000ppm NaCl and 2000ppm Na2CO3. 
Polymer relaxation time was determined to be 0.06sec. Rheology results of dynamic 
frequency sweep test (Figure D.10 (a)) and steady sweep test (Figure D.9 (a)) can be found 
in Appendix D.   
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Figure 6.12 Waterflood (3000ppm NaCl, 2000ppm Na2CO3, and 400ppm Na2S2O4) was 
performed at 1ft/day, and oil saturation was reduced to 0.322. It was followed 
by hydrolyzed 1500ppm HPAM 3330s polymer flood with the same salinity 
with waterflood brine at 1ft/day, and oil saturation was reduced from 0.322 to 
0.274, and NDe was 3. TDS was increased to 30000ppm in the following 
2800ppm HPAM 3330s polymer flood (1ft/day), and oil saturation was 
reduced further down to 0.238.    
 A 5% of the oil saturation reduction was observed from the viscoelastic polymer 
flood, and oil saturation was reduced to 0.274. Figure 6.13 (a) shows the pressure data of 
the first polymer flood, where maximum pressure gradient was 66 psi/ft and pressure 
gradient stabilized at 50 psi/ft. The maximum corresponding capillary number was 
1.26×10-5, and it was 9.5×10-6 at steady state.   
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Figure 6.13 Pressure gradients of tertiary low salinity (a) and quaternary high salinity (b) 
HPAM 3330s polymer flood at 1ft/day.  
In the second polymer flood, salinity was increased to 20000ppm NaCl and 
10000ppm Na2CO3. To keep this polymer solution to have a similar viscosity with the 
previous polymer flood, HPAM 3330s polymer concertation was increased to 2800ppm. 
The rheology results of dynamic frequency sweep test (Figure D.10 (b)) and steady sweep 
test (Figure D.9 (b)) can be found in Appendix D. The relaxation time was 0.037, and it 
was also injected at 1ft/day. Pressure data of this second polymer flood are shown in Figure 
6.13 (b). The maximum pressure gradient was 52 psi/ft (Figure 6.13 (b)), which is lower 
than the previous maximum pressure gradient of 66 psi/ft. The pressure stabilized at 51 
psi/ft, which was similar to the pressure gradient from the previous polymer flood at steady 
state. The oil bank broke through with 0.35 PV of the polymer injection, and it continued 
for 0.8 PV. Oil saturation was reduced from 0.274 to 0.238, which is an additional 
3.6%OOIP of the oil saturation reduction.  
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6.2.6 Coreflood #6 
Viscous glycerin was not been injected directly after the waterflood in the core 
floods summarized so far in this chapter. The end point mobility ratios from waterflooding 
were less than or close to 1 because of low oil viscosity and small waterflood injection flow 
rate. With a few pore volumes of brine injection, the oil saturation should be very close to 
the residual oil saturation, but the capillary numbers of waterflood were smaller than those 
from the polymer floods. To make sure that polymer viscoelastic effect works on reducing 
the true residual oil, a viscous glycerin flood was performed after waterflood to strengthen 
the oil recovery conclusions from viscoelastic elastic polymers in the next core flood. As 
shown in the Figure 6.14, waterflood (1ft/day) reduced oil saturation from 0.723 to 0.389, 
and the following glycerin flood reduced another 4.3%OOIP of the oil saturation, which is 
lower than the 11%OOIP oil saturation reduction in core flood No.1 and 8.6%OOIP in core 
flood No.2 at the same conditions (similar flow rates, capillary effect and salinity). The 
extra additional oil was recovered because of polymer viscoelasticity.  
In the core floods No.1, 3, 4 and 5, the displacements performed after viscoelastic 
polymer floods with alternate salinities recovered 17%, 7%, 22% and 3.6%OOIP of the 
additional residual oil on top of the viscoelastic polymer floods. To study if the additional 
oil was recovered due to salinity effect, HPAM 3130s with different salinities (11000ppm 
TDS and 51000ppm TDS) were injected in order after the glycerin flood.  
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Figure 6.14 Waterflood (10000ppm NaCl, 1000ppm NaHCO3, and 400ppm Na2S2O4) was 
performed at 1ft/day, and oil saturation was reduced to 0.39. It was followed 
by viscous glycerin flood (54cp) with the same salinity with waterflood brine 
at 1ft/day, and oil saturation was reduced from 0.389 to 0.346 (ΔSo=4.3%). 
After the glycerin flood, four polymer floods- 7000ppm HPAM 3130s 
(1000ppm NaCl and 1000ppm NaHCO3), 9000ppm HPAM 3130 (50000ppm 
NaCl and 1000ppm NaHCO3), 1200ppm HPAM 3630s (1000ppm NaCl and 
400ppm NaHCO3) and 9000ppm HPAM 3130s (50000ppm NaCl and 
1000ppm NaHCO3). 
The steady sweep results of 7000ppm HPAM 3130s (11000ppm TDS) and 
9000ppm HPAM 3130s (51000ppm TDS) can be found in Figure D.11 (a) and (b), where 
the viscosity at shear rate of 20s-1 are both ~50cp. The dynamic frequency results are shown 
in Figure D.12, where the relaxation times of 7000ppm HPAM 3130s (11000ppm TDS) 
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and 9000ppm HPAM 3130s (51000ppm TDS) are 0.017 and 0.015 sec. Either polymer 
solution is elastic. Polymer solution of 7000ppm HPAM 3130s was first injected at 1ft/day 
after glycerin flood, and it was followed by 9000 HPAM 3130s at the same flow rate. The 
whole pressure gradient along the core stabilized at 10psi/ft from 7000 HPAM 3130s and 
8psi/ft from 9000ppm HPAM 3130s. No additional oil was recovered from either of the 
polymer floods, which shows salinity change itself cannot reduce residual oil saturation. 
    
Figure 6.15 Pressure results of 7000ppm HPAM 3130s (11000ppm TDS, (a)) and 9000ppm 
HPAM 3130s (51000ppm TDS, (b)) injected at 1ft/day.  
 The next two polymer floods still have salinity difference. Different from the first 
two alternative salinity polymer floods, the third polymer was viscoelastic (1200ppm 
HPAM 3630s with 1400ppm TDS), and it has a relaxation time of 2.7 seconds. The 
dynamic frequency sweep results are shown in Figure D.12 (c), and the viscosity versus 
shear rate rheology plot is shown in Figure D.11 (c). The viscoelastic polymer solution was 
injected at 1ft/day. The pressure gradient at steady state was also 10 psi/ft, and the Deborah 
number was 78. Another 0.5%OOIP of residual oil was recovered, and oil saturation was 
reduced from 0.346 to 0.341 as shown in Figure 6.14, which was not significant but it was 
still believed to be the results of polymer viscoelastic effect. 
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Figure 6.16 Pressure results of 1200ppm HPAM 3630s (1200ppm TDS, (a)) and 9000ppm 
HPAM 3130s (51000ppm TDS, (b)) injected at 1ft/day.  
Polymer of 9000ppm HPAM 3130s (51000ppm TDS) was injected again after the 
viscoelastic polymer flood. There was no oil saturation reduction in the first time of 
9000ppm HPAM 3130s injection, but an additional oil saturation of 0.5%OOIP was found 
from the second time of injection after viscoelastic fluids. The residual oil reduction of 
0.5%OOIP is not significant. Compared to the performance from the first time of injection, 
it still shows the effect of viscoelasticity on residual oil.    
6.5 DISCUSSION AND ANALYSIS 
6.5.1 First polymer flood 
1. To compare the effect of polymer hydrolysis on increasing polymer 
viscoelasticity, core flood #1 is compared with core flood # 1 in Chapter 4, 
where 120cp dead oil was displaced with water, glycerin and dissolved HPAM 
3630s polymer (2100 ppm HPAM 3630s with 10000ppm NaCl and 1000ppm 
NaHCO3, TDS=11000ppm). The compared results are listed in the Table 6.4 
below.  
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Table 6.5 Compare the effect of polymer hydrolysis on increasing polymer viscoelasticity 
and reducing residual oil saturation. Dissolved polymer was used in the core 
flood No. 1 in Chapter 4.  
 
In core flood No.1 from Chapter 4, only dissolved polymer was used in the 
displacement. With a similar polymer concentration and salinity 
(TDS=11000ppm), relaxation time was only 0.6 sec, and the Deborah number 
was 16.04 which is less than one third of the Deborah number (NDe=50) from 
the hydrolyzed HPAM 3630s polymer flood above. The hydrolyzed polymer 
recovered an additional 11% of oil even though the oil viscosity is low (9.6cp) 
and capillary numbers were similar. Polymer hydrolysis helps increase polymer 
relaxation time, which increase polymer viscoelasticity without increasing the 
capillary effect much. A higher Deborah number was reached in the hydrolyzed 
viscoelastic polymer flood and more residual oil was recovered. Polymer 
hydrolysis can increase the Deborah number of polymer flood at similar 
condition. 
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2. In the core flood #2, hydrolyzed polymer (pH~10.5) after neutralization with 
HCl (pH~8.5) has similar viscosity with shear comparing to the dissolved 
polymer at the same conditions, but the relaxation time was still increased by a 
factor of 2. Therefore, hydrolyzing polymer at a basic environment and 
neutralizing the solution with weak acid can improve the polymer elasticity 
without increasing much in viscosity.  
3. Relaxation time of hydrolyzed low salinity polymer (2000ppm HPAM 3630s, 
1000ppm NaCl and 400ppm NaHCO3) was highest in this dissertation (11.78), 
and so is the Deborah number (424).  
4. A Berea core was used in core flood #5. Even though a smaller molecular 
weight viscoelastic polymer (HPAM 3330s) was injected, oil saturation after 
waterflooding was still reduced at a Deborah number higher than 1.  
6.5.2 Second viscous flood 
 A summary of the oil recovery results from all six core floods are listed in Table 
6.4 (Exp #1 to 6), which includes oil saturations and reductions from the 1st polymer flood 
and the flood after the viscoelastic polymer. Exp #7 to 12 are from Erincik (2017), and they 
were performed with 120 cp viscous oil and Bentheimer sandstone cores. Those cores were 
displaced with viscoelastic polymer solutions at low salinity, and they were followed by 
less elastic polymer floods at high salinity.  
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Table 6.6 summary of the oil recovery results from all six core floods are listed from Exp 
#1 to 6. Exp #7 to 12 are from Erincik (2017), and they were performed with 
120 cp viscous oil and Bentheimer sandstone cores. Those cores were 
displaced with viscoelastic polymer solutions at low salinity, and they were 
followed by less elastic polymer floods at high salinity.  
 
 
 In Exp 7 to 12, an average oil saturation reduction of 11.8%OOIP was found from 
the 2nd high salinity viscoelastic polymer floods. A few reasons might explain this 
phenomenal result. One is because of profile control, where the 1st low salinity viscoelastic 
polymer filled up/blocked the high permeable pores and the following less elastic polymer 
was forced to displace the oil in the less permeable pores so that oil recovery was higher. 
This hypothesis was partially refuted because 1) oil bank from the 2nd polymer (high 
salinity) did not break through until later than 1PV of the polymer injection. Late break 
through is not a property of profile control; 2) Erincik (2017) also performed a salinity 
tracer test from one of the core flood experiments, and the results showed that the 
  
153 
summation of accessible pore volume and final residual oil volume was close to the true 
pore volume. Another hypothesis is the high salinity effect, all the 1st viscoelastic polymer 
flood was at low salinity, and the 2nd polymer had a high salinity. High salinity can cause 
clays swelling and leaving from rock surface. To study if the high salinity effect is the 
reason, Exp # 4 was designed, where the 1st polymer solution was at 80000ppm TDS, and 
Deborah number was at 12, but the salinity of the 2nd fluid (glycerin) was reduced to 
5000ppm. An additional oil recovery of 22%OOIP was also observed, which indicates high 
salinity was not at least the only reason.  
To study if salinity change (either from high to low or low to high) cause the 
additional oil recovery, displacements with alternate salinity were performed. In Exp #1, 
high salinity glycerin was injected after lower salinity polymer and water floods, and a 
significant oil saturation reduction was found from the high salinity glycerin flood. 
However, similar results were seen from Exp #4, where low salinity glycerin flood 
followed by high salinity viscoelastic polymer. An oil saturation reduction of 22% was 
observed and the final oil saturation after glycerin flood was extremely low. The reason of 
the additional oil recovery is still unclear. Glycerin solution is non-elastic, and capillary 
effect was similar to the previous viscoelastic polymer flood, so viscous force is not the 
reason. Different from the second-high salinity polymer flood from Erincik (2017), the oil 
bank broke through before 1PV in both core flood #1 and 4. In Exp #6, the 1st polymer 
fluid (HPAM 3130s) was in-elastic at 11000ppm TDS, but the following in-elastic polymer 
(HPAM 3130s) had a TDS of 50000ppm TDS. Both polymer solutions had similar 
capillary numbers and apparent viscosities, but no additional oil was recovered from the 
2nd high salinity polymer flood. Therefore, salinity effect might not be the reason either.  
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Another hypothesis which could explain the additional oil recovery from the 2nd 
polymer flood is that residual oil was mobilized in the 1st viscoelastic polymer flood, some 
of which is produced other of which is re-mobilized and then trapped in new pores. In the 
region where the core has lower local permeability, smaller pore throats and higher local 
shear rates, viscoelastic polymer has stronger local turbulence (as shown in Chapter 8), 
which causes the residual oil to leave the rock surface and oscillate from smaller pores to 
larger pores. The re-distributed residual oil can be displaced by inelastic fluids like 
polymers at higher salinities or regular viscous Newtonian fluids. Different from 
conformance control, the viscoelastic polymer can oscillate trapped oil in the 1st VE flood, 
but once the 2nd fluids (low VE or no VE) dispersed into the 1st polymer solutions in the 
pores, the oscillations die down and disappear eventually. Since the 2nd fluid has a small or 
no relaxation time the original relaxation time (1st fluid) in the pores will be reduced, which 
weakens the trapped oil oscillations. Those pores with strong turbulence were not 
accessible to the 2nd fluid initially The 2nd fluid does not have access to the pores with 
strong droplets oscillations because of turbulence (local viscoelastic polymer shear 
thickening), but they turned into accessible after the oscillations are reduced. High 
turbulence can cause a higher pressure gradient at the same flow rate (1st and 2nd polymer 
fluids had similar viscosities), which can be proved from the pressure results in the 1st 
polymer floods. After the turbulence was weakened by displacement from the 2nd flood 
(either by increasing salinity or reducing polymer concentration), pressure gradient was 
reduced as well (less oil saturation was another reason too). It was also observed from the 
experiments. Similar results were found from Exp # 1, 3 and 5. However, verifying this 
hypothesis still needs more experiments. As shown in Exp #2, in-elastic HPAM 3130 was 
followed by viscoelastic HPAM 3630s flood, and both polymers were at the salinity 
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condition (11000ppm TDS). No additional oil was recovered from the HPAM 3130s 
displacement. The reason of additional oil recovery from the 2nd polymer flood could be a 
combination of elastic turbulence and salinity change, but it needs more core flood 
experiments with high clay concentrations, heterogeneous porous medium and elastic 
polymers to prove it.  
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Chapter 7 Core Flood and Field Scale Simulation of Viscoelastic 
Polymer Flooding 
7.1 INTRODUCTION 
The core flood experiments presented in chapters 4 and 6 demonstrate that 
viscoelastic polymers reduce the residual oil saturation under certain conditions (high 
Deborah number) and recovery appears correlated with the Deborah number. However, 
there has not been a reliable method to predict this additional oil recovery benefit on a 
reservoir scale. Numerical simulations using a chemical-flooding reservoir simulator 
(UTCHEM) were conducted to validate the model against the core flood experiments and 
then used to predict the performance in a reservoir pilot. The reservoir simulator includes 
a new correlation between residual oil saturation and Deborah number (an elastic de-
saturation curve) developed using core flood experimental data. It also includes a new 
correlation for polymer relaxation time based on a systematic rheology study to aid in the 
estimation of relaxation time as a function of polymer concentration and other variables. 
7.2 MODEL DEVELOPMENT 
7.2.1 UTCHEM Reservoir Simulator 
UTCHEM is a three-dimensional, multi-phase and multi-compositional chemical 
flooding simulator developed at the University of Texas at Austin (Delshad et al., 2000 and 
Li, 2015). UTCHEM has capabilities to model polymer rheology, microemulsion phase 
behavior, molecular diffusion, dispersion, adsorption, capillary trapping, permeability 
reduction, polymer inaccessible pore volume, relative permeability, geochemical reactions 
etc. in heterogeneous porous media (Satoh, 1984; Delshad et al., 1986; Pope et al., 1987; 
Saad, 1989; Jin, 1995; Delshad et al., 2008; Mohammadi, 2008; Li, 2015 and Lotfollahi, 
2015; Koh, 2015).  
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  UTCHEM uses a cell-centered finite difference scheme to discretize the differential 
equations. The numerical approach is IMPEC (Implicit Pressure and Explicit 
Concentration), where pressure in each grid block is calculated implicitly, and phase 
concentration is solved explicitly (Li, 2015; Lotfollahi, 2015).  UTCHEM can be used to 
simulate both lab and field-scale floods.  Pressure is determined from an overall mass 
conservation equation, and the temperature from an overall energy balance.  
7.2.2 Models of polymer properties in UTCHEM 
Bulk viscosity  
The bulk viscosity of a polymer solution is a function of polymer molecular size, 
concentration, salinity, hardness and shear rate. The modified Flory-Huggins equation is 
used to model the polymer bulk viscosity at zero shear rate (Flory, 1953; Delshad et al., 
2008; Mohammadi, 2008; Li, 2015; Lotfollahi, 2015).  
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Where µw (cp) is the brine viscosity; “4” represents polymer component in the simulator 
and “l” represents phase; C4l (wt%) is polymer concentration in the l-th phase; Ap1, Ap2 and 
Ap3 (wt%
-1) are fitting parameters.  CSEP  (meq/ml) is the effective salinity and Sp is a fitting 
parameter. 
Polymer shear-thinning modelling 
Meter’s equation (Meter and Bird, 1964) is used to model shear-thinning behavior 
(Equation 7.2),  
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Where µp is the apparent viscosity; 1/2 is the shear rate where polymer solution viscosity 
is half of the summation of 
0
p and w ; Pα is an empirical fitting parameter.  
Equivalent shear rate 
 The modified Blake-Kozeny capillary bundle equation is used to model the 
equivalent shear rate (Equation 7.3).  
 

l
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Where ul is the volumetric flux of phase l; C is the shear rate coefficient (Cannella et al.; 
Koh et al., 2017) and k is approximated as, 
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Where kx, ky and kz are permeability in x, y and z directions, and same for Darcy velocity 
(uxl, uyl and uzl). Methods of modeling polymer retention, permeability reduction and 
inaccessible pore volume can be found in Li (2015). 
7.2.3 Polymer relaxation time model 
 Stavland et al., (2010) presented a correlation of relaxation time versus polymer 
concentration × intrinsic viscosity.  Combining the results from HPAM 3630s hydrolysis 
study (including both dissolved and hydrolyzed HPAM 3630s polymer solutions) and data 
from Koh (2015), a relaxation time model is shown in Figure 7.1. The new relaxation time 
model described as, 
τr = a×(C×[η])b (7.5) 
Where C is the concentration in wt%, [ ] is the intrinsic viscosity (cm3/g), and a and b are 
both fitting parameters. It is assumed that a and b are independent of polymer concentration 
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salinity, and degree of hydrolysis. However, they may be functions of temperature and 
polymer type. Both “a” and “b” are inputs in the UTCHEM input file. 
Figure 7.1 shows the relaxation time versus C×[η] from our experiments are room 
temperature (~25 C); a=0.0060 and b=2.35 are the best fit values. Note that “a” is not 
dimensionless since C and [η] do not have consistent units. The intrinsic viscosity [η] 
(cm3/g) in Figure 7.1 is determined with polymer viscosity at shear rate of 10s-1. From 
equation 7.1, the intrinsic viscosity at zero shear rate can be found as [η]0 = Ap1CsepSp; 
however, this intrinsic viscosity is not the same as at 10 s-1. 
 
Figure 7.1 Relaxation time model as a function of polymer concentration (wt%) and 
intrinsic viscosity (cm3/g). 
Using the estimated relaxation time from the new correlation and estimated local 
(grid) shear rates, the Deborah number can be estimated at each block in the reservoir 
model (Equation 2.25).  
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7.2.4 A new Elastic De-Saturation Curve (EDC) 
Table 7.1 includes viscoelastic polymer flood displacing residual oil results from 
Ehrenfried (2013), Erincik, et al., (2017), Chapter 4 (high viscosity oil) and Chapter 6 (low 
viscosity oil). Viscous glycerin floods were performed in core floods with viscous oil and 
those from Ehrenfried (2013) and Erincik, et al. (2017) to reach residual oil before the 
viscoelastic polymer floods. In the core floods with low viscosity oil, viscoelastic polymer 
was injected directly after waterflooding. The residual oil saturation before and after the 
viscoelastic polymer flood are Sorw,∞ and Sorp, respectively, in Table 7.1.  
Table 7.1 Summary of core flood results after viscoelastic polymer flooding 
 
# NDe Sorw,∞ Sorp Sorp/Sorw,∞
P1 16 0.26 0.19 0.72
P3 18 0.30 0.21 0.71
P4 1 0.31 0.31 1.00
P4(2) 14 0.31 0.21 0.67
P5 27 0.21 0.18 0.87
P6 23 0.25 0.22 0.88
P7 17 0.29 0.28 0.96
RE-MZC 302 0.36 0.22 0.62
G3 50 0.35 0.24 0.68
G4 424 0.38 0.34 0.88
G5 13 0.25 0.23 0.90
G7 12 0.32 0.27 0.83
B1 3 0.32 0.27 0.86
D-ben6 13 0.21 0.15 0.71
D-ben7 9 0.32 0.29 0.92
M1 152 0.45 0.29 0.64
M2 100 0.38 0.29 0.76
M3 32 0.43 0.32 0.74
M4 254 0.44 0.34 0.77
M5 280 0.41 0.28 0.68
Light
oil
Viscous
Oil 
Ehrenfried,
2013
Erincik
et al, 2017
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 Using the twenty core flood results shown in Table 7.1, a correlation of normalized 
oil saturation reduction (Sorp/Sorw,∞) and Deborah number was developed as shown in Figure 
7.1. This new viscoelastic model is described as,  
 
 
,
1                             if   1
1 0.1329log   if   1
Deorp
De Deorw
NS
N NS 

 
 
  (7.6) 
   
 
Figure 7.2 The new correlation of normalized oil saturation from viscoelastic polymer 
flood as a function of Deborah number (NDe). When NDe is smaller than 1, 
Sorp/Sorw,∞=1, otherwise Sorp/Sorw,∞= 1-0.1329log(NDe).  
 This curve is referred to here as an Elastic De-Saturation Curve (EDC), due to its 
similarity in form to the Capillary De-Saturation Curve. It is implemented into the 
UTCHEM reservoir simulator to predict the possible additional benefits from viscoelastic 
polymer flooding at reservoir scales.  
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7.3 CORE FLOOD SIMULATIONS 
In this Chapter, I modeled three of the 1D core floods with viscoelastic polymers 
at different salinities and rock types (from Chapter 6). The relaxation time models are 
verified with the results from viscoelastic polymer core floods. The four core floods are 
#1, 3 and 4 from Chapter 6 and Table 7.2 summaries conditions and results of all three 
experiments. Multiple floods were performed in some of these core flood experiments, but 
only water and 1st   polymer floods from each core flood were stimulated in this Chapter.  
Table 7.2 core floods conditions and results of all four experiments 
 
Experiemnt # 
(Chapter 6)
1 3 4
Rock type Bentheimer Bentheimer Bentheimer
Length (in) 11.7 11.9 12
Diameter (in) 1.95 1.97 2
Porosity 0.21 0.25 0.25
Brine permeability (mD) 2188 1448 1350
Oil viscosity (cp) 10 10 10
Temperature (°C) 25 25 25
Waterflood velocity (ft/day) 1 1 1
Initial oil saturation before wterflood (Soi) 0.716 0.733 0.747
Oil saturation after waterflood (Sorw) 0.348 0.383 0.254
Water endpoint relative permeability at Sorw 0.069 0.108 0.104
Oil endpoint relative permeability at Swr 0.704 0.416 0.79
Polymer type HPAM 3630s HPAM 3630s HPAM 3630s
Polymer Mw (×106) 18 18 18
Polymer concentration (ppm) 2500 1500 2600
Equivalent shear rate for polymer flood (s -1) 19 36 21
Polymer viscosity (cp) 68 42 39
Relaxation time (sec) 2.57 11.78 0.58
Salinity (ppm) 11000 1400 80000
Polymer flood interstitial velocity (ft/day) 1 1 1
Oil saturation before polymer flood 0.348 0.383 0.254
Oil saturation after polymer flood (Sorp) 0.238 0.336 0.228
Water endpoint relative permeability at Sorp 0.11 0.05 0.11
Reduction of residual oil saturation by polymer 0.11 0.05 0.03
  
163 
 The 1D model in UTCHEM was initialized with 100 grid blocks with constant grid 
size (NX×NY×NZ=100×1×1). The constant size of the grid block is 0.01×0.147×0.147 ft3. 
In the core flood validation process, input parameters include rock properties (length, 
cross-section area and porosity), brine permeability (mD), oil viscosity (cp), initial oil 
saturation (Soi), oil saturation after waterflood (Sorw), water and polymer injection flow 
rates, end point oil and water relative permeabilities (kro
0 and krw
0). History matching (with 
oil cut and pressure data) was performed to waterflood results in each core flood to find 
the exponents in Corey’s model. The same relative permeability values (Corey exponents 
and endpoint relative permeability) are applied in the polymer floods that followed the 
water floods. No additional history matching was performed for the polymer floods, except 
in coreflood #3 where residual saturation was history matched. 
 Polymer rheology input parameters for each core flood are listed in the table below. 
Polymer rheology fitting details can be found in Li (2015).  
Table 7.3 Polymer rheology input parameters for each core flood 
 
7.3.1 Coreflood #1 
 In core flood #1 simulations, the relative permeability Corey exponents from 
aqueous and oil phases were determined as 1.80 and 1.82, respectively, from history 
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matching the waterflood.  The input file is attached in Appendix F. Oil cut at oil bank from 
polymer flooding was around 38% from UTCHEM which matched the 39-40% of oil cut 
from experiments nearly perfectly (Figure 7.3). Using the new EDC, oil saturation after 
waterflooding was reduced to 0.243, which was very close to 0.238 from experiments. The 
pressure results of both waterflood and polymer flood are shown in Figure 7.4.    
 
Figure 7.3 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and 1st viscoelastic polymer flood in core flood #1.  
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Figure 7.4 UTCHEM pressure results and experimental pressure data from waterflooding 
and polymer flood in core flood #1.  
7.3.2 Coreflood #3 
In core flood #3 (1000 ppm NaCl low salinity), the relative permeability exponents 
from aqueous and oil phases were determined as 1.8 and 2.1, respectively, from history 
matching the waterflood. Figure 7.5 shows the UTCHEM and experimental oil saturation 
and oil cut results from both waterflood and first viscoelastic polymer flood in this core 
flood. Oil cut from the viscoelastic polymer was 29% when the oil bank broke through, 
and oil saturation matched well with the final residual oil saturation (Sor=0.336) from the 
experiment.  Simulated and experimental pressure data are shown in Figure 7.6. In this core 
flood, the incremental oil recovery from the viscoelastic polymer flood did not match the 
prediction from theEDC, which the UTCHEM simulation to match the experiments poorly. 
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The simulated oil saturation and oil cut results are shown in Figure 7.5. The simulated 
residual oil saturation after viscoelastic polymer is 0.21, which is much higher than the 
residual oil saturation (0.34) in the experiment.   
 
Figure 7.5 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and first viscoelastic polymer flood in core flood #3. 
The slope of the EDC correlation was changed from 0.1329 to 0.10 manually to 
match the oil recovery with the core flood results, and the results are shown in Figure 7.6. 
The corresponding simulated pressure data are in Figure 7.7, where the pressure data at 
steady state from polymer flood are both 10psi/ft from both UTCHEM and core flood 
experiment.  
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Figure 7.6 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and first viscoelastic polymer flood in core flood #3. 
 
 
Figure 7.7 UTCHEM pressure results and experimental pressure data from waterflooding 
and polymer flood in core flood #3. 
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7.3.3 Coreflood #4 
In the core flood #4, both waterflood and polymer flood have a high pH due to 
polymer hydrolysis (pH~10.5). The Corey relative permeability exponents obtained by 
history matching are 2.2 and 1.5, respectively, for the aqueous and oil phases. Simulation 
results match well with the experimental oil saturation, oil cut (Figure 7.8) and pressure 
data (Figure 7.9) from both the waterflood and viscoelastic polymer flood.  
 
Figure 7.8 UTCHEM and experimental oil saturation and oil cut results from both 
waterflood and 1st viscoelastic polymer flood in core flood #4. 
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Figure 7.9 UTCHEM pressure results and experimental pressure data from waterflooding 
and polymer flood in core flood #3. 
7.4 FIELD CASE STIMULATIONS 
7.4.1 Oilfield background 
A polymer injection was tested on a confined 5-spot pattern oilfield, where four 
injectors were located in the four corners of the pattern and one producer was located in 
the center. A concentration of 2500ppm polymer (~30cp at wellhead) was injected at 250 
STB/Day after waterflooding when water cut was about 75%.  The average permeability is 
about 5 Darcy. The reservoir temperature is about 65 °C. The water viscosity is 0.48 cp and 
the oil viscosity is about 17 cp. Reservoir depth is about 2600 ft. Formation brine is about 
4000ppm Cl- without divalent cations. The interfacial tension between the oil and brine is 
14 dynes/cm.  
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7.4.2 3D geological model description 
Table 7.4 shows the properties of the 5-spot oilfield model used in this chapter 
based on Rodrigues (2012). The size of the model is 360.8ft×360.8ft×13.12ft, and grid size 
is 16.4ft×16.4ft×1.64ft.  
Table 7.4 The 5-spot model properties (the injection rate is with a quarter well) 
 
The model is a 5-spot pattern as shown in Figure 7.10, where the color bar is the 
initial pressure in psi.   
 
Model size (ft
3
) 360.8ft ×360.8ft ×13.12ft
NX×NY×NZ 22×22×8
Grid size (ft
3
) 16.4ft ×16.4ft ×1.64ft
Porosity range 21-28%
Permeability range (mD) 200-20,000
Average permeability (mD) 5,000
kv/kh 1
Initial oil saturation 0.96
Reservoir depth (ft) 2600
Reservoir temperature (°C) 65
Water/oil relative permeability
kro
0
=0.93; krw
0
=0.6
eo=3; ew=2.36
Water viscosity (cp) 0.48
Oil viscsoity (cp) 17
Formation brine (meq/ml) 0.1181
Residual water saturation 0.04
Residual oil saturation 0.2
IFT (dynes/cm) 14
Injection rate (water, STB/day) 250
Injection rate (polymer, STB/day) 250
Mangala 5-spot model properties
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Figure 7.10 Description of the 3D oilfield model. The model is 5-spot pattern, which 
includes four injectors in the corners and one producer in the middle.  
This numerical model includes 8 layers. The Corey relative permeability model 
parameters are listed in Table 7.3. Residual water saturation for each grid was read from a 
separate file. Total dissolved solids (TDS) in the formation brine is 4200 ppm. Figure 7.11 
and 7.12 shows permeability (0-8000 mD range) and porosity in each layer. 
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Figure 7.11 Permeability in each numerical layer (x-direction). This model also assumes 
kx=ky=kz.  
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Figure 7.12 Porosity in each numerical layer (x-direction).  
Figure 7.12 (a), (c) and (c) shows the histograms of permeability, porosity and 
residual water saturation of all the grids. 
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(a) 
 
(b) 
Figure 7.13: continued next page 
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(c) 
Figure 7.13 Histogram of permeability (0-8000mD) for the entire 3D geological model is 
shown in (a); (b) is the histogram for porosity (8%-44%), and (c) is the 
histogram of the residual water saturation. 
7.4.3 Simulation cases 
7.4.3.1 Long waterflood injection (w/o polymer flooding) 
A waterflood (240 days injection without polymer flooding) is performed as a 
baseline.  In the base case, water is injected at 250 STB/day (1/4 well injection rate so 1000 
STB/day total were injected) in each injector. Oil recovery rate starts to decline after 0.5 
PV of water injected. The accumulative oil recovery after 240 days (3 PVs) of 
waterflooding is ~43.3% OOIP. The average oil saturation of each layer after 240days 
waterflooding is 0.5, which is shown in Table 7.5 below.  
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Table 7.5 Average oil saturation of each layer after 240 days of waterflooding  
 
7.4.3.2 Polymer flood without VE model after waterflood 
In the second case, the pilot was flooded with water for 90 days at 250 STB/day in 
each injection well (Rodrigues, 2012), and then 2500 ppm HPAM 3630S polymer solution 
was injected at the same rate for 150 days. The exponent to determine effect of salinity, 
“Sp”, is estimated by using the measured viscosities of 2500ppm HPAM 3630s polymer 
solution at two different salinities (400 and 4000ppm NaCl) at a low shear rate (0.1s-1), and 
fitting Sp, found here to be -0.778. Viscosities of HPAM 3630s polymer solution at 0, 1000, 
1500 and 2500ppm at zero shear rate and 65°C are then used to fit Equation 7.1, and 
coefficients Ap1, Ap2 and Ap3 are 190.8, 191 and 14082, respectively. The curve is shown 
in Figure 7.14.  
1 0.7796
2 0.5919
3 0.5731
4 0.5387
5 0.4886
6 0.4595
7 0.4281
8 0.3828
Average oil saturation of each layer
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Figure 7.14 Viscosity parameters fittings Ap1=190.8, Ap2=191 and Ap3=14082.  
The correlation of viscosity and shear rate of HPAM 3630s polymer solution with 
4000ppm NaCl at 65°C is measured, and the experimental results are plotted in the dot 
dash line in Figure 7.15.  Water viscosity is based on 0.45cp. Fitting parameters Pα and 
γ1/2.are used to fit Meter’s model to the experimental results. As shown in Figure 7.15, 
experimental data and results from the fitting Meter’s model overlap well, and the Fitting 
parameters Pα and γ1/2.are 1.8 and 0.7(s-1), respectively.  
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Figure 7.15 Viscosity shear thinning fitting of 2500ppm HPAM 3630s at 65°C to 
determine Pα (1.8) and γ1/2 (0.7s-1).  
Viscoelastic polymers often exhibit shear thickening behavior at high shear rates in 
laboratory studies of flow through porous media, but Ma and McClure (2017) found shear 
thickening is not generally observed at reservoir conditions, therefore, the shear thickening 
rheology model (Delshad et al, 2008) is not applied in this work. This viscous polymer was 
injected after 90 days of waterflooding, and an incremental oil recovery of 22% is 
determined from the simulations. The in-situ viscosity versus shear rate from UTCHEM 
simulations are also shown in Figure 7.15, which overlapped with the rheometer data. The 
average oil saturations for each layer after 150 days of polymer flooding are shown in Table 
7.6 below, and each layer has an oil saturation around 0.31. The oil saturation reductions 
for each layer are also listed in Table 7.5. Since oil saturations are higher on the top layers 
and lower on the few bottom layers after the long time waterflooding, the oil saturation 
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reductions (ΔSop1) from the polymer flooding are high on top layers (10-30%), and lower 
on the bottom few layers (0-10%).     
Table 7.6 Average oil saturation of each layer after 90 days waterflooding followed by 150 
days of 2500ppm polymer flooding, and ΔSop1 is the oil saturation difference 
between waterflooding and polymer flooding for each layer.  
 
7.4.3.3 Polymer flood with VE model after waterflood 
 In the case with viscoelastic polymer, the model is also first flooded with water for 
90 days at the flow rate 250 STB/day in each injection well (1/4), and it is followed by 
2500 ppm polymer solution, which is injected at the same flow rate for another 150 days. 
The simulation of this polymer flood includes polymer viscoelasticity (both EDC and 
relaxation time models), including the calculation of relaxation time, Deborah number, and 
new Sor based on the EDC. All the polymer rheology model input values are the same with 
the previous polymer flooding case without out viscoelasticity (not including EDC and 
relaxation time). Polymer relaxation time in this case is determined by the in-situ polymer 
concentration in each grid block and intrinsic viscosity. The intrinsic viscosity [η]0 (based 
on zero shear rate viscosity) in UTCHEM is determined with Ap1, Csep and Sp.  
ΔSop1 
1 0.3172 0.4624
2 0.3152 0.2767
3 0.2876 0.2855
4 0.3117 0.227
5 0.303 0.1856
6 0.3093 0.1502
7 0.314 0.1141
8 0.3298 0.053
Average oil saturation of each layer
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 
0
1
pS
p sepA C  (7.7) 
The relaxation time model, equation 7.1, cannot be used directly for two reasons. First the 
model was developed based on data a 25 °C and reservoir conditions are 65 °C. Relaxation 
time generally decreases with increasing temperature. Second, the model is based on the 
intrinsic viscosity at 10 1/s and equation 7.7 is the zero-shear intrinsic viscosity.  
In the UTCHEM field scale simulations, equation 7.1 is used along with equation 
7.7 for zero-shear viscosity. However, the coefficient, a, is empirically fit to the laboratory 
measurement of polymer relaxation time (0.8sec) at 65 °C. The input parameter “a” is 
found to be 1.7×10-6 (sec. g2.35/(cm3)2.35) and b is assumed to remain 2.35. The Deborah 
number was calculated with Equation 2.25 (gamma C of 24 with UTCHEM version of 
2018).  
The oil saturation after polymer flood is as low as 0.27 in some grid blocks (mostly 
near wells where the shear rate/Deborah number are high), The average oil saturation after 
polymer flooding with VE model for each layer is shown in Table 7.7, where ΔSop2 is the 
incremental oil saturation reductions from the VE model compared to the inelastic polymer.  
The average oil saturation after the polymer flooding including VE model is between 0.26-
0.3 for each layer, and an incremental oil saturation reduction of 0.3-0.5 is simulated on 
top of polymer viscous effect only.  
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Table 7.7 Average oil saturation of each layer after 90 days waterflooding followed by 
150days of 2500ppm polymer flooding with the viscoelastic model, and ΔSop2 
is the oil saturation difference in the polymer flooding with and without 
viscoelastic model for each layer. 
 
Since oil saturation distributions and reductions are similar in each layer, and Figure 
7.16 – 7.24 focus on the simulation results of layer 4. Figure 7.16 shows shear rate 
distributions at polymer injections of 0.11, 0.5, 0.8 and 1.0 PV. Shear rate is high near 
wellbores (>500s-1) and lower in the reservoirs (4-50s-1).  
ΔSop2 
1 0.2794 0.0378
2 0.2691 0.0461
3 0.2636 0.024
4 0.2701 0.0416
5 0.2708 0.0322
6 0.279 0.0303
7 0.281 0.033
8 0.2986 0.0312
Average oil saturation of each layer
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Figure 7.16 Shear rate of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV injection of polymer 
simulations with viscoelastic model.  
With the simulated shear rates above and Meter’s model, local in-situ polymer 
viscosity is determined, and the viscosity distributions at different times (0.12, 0.5, 0.8 and 
1.0 PV of polymer injections) are shown in Figure 7.17. Before polymer injection, the 
displacing phase is water, whose viscosity is 0.48 at the reservoir conditions. Polymer 
viscosity is about 2-3cp near the wells, and 10-20cp away from the wells in the reservoir.  
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Figure 7.17 Viscosity distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV injection of 
polymer simulations with viscoelastic model. 
Even though polymer is injected at a constant concentration of 2500ppm, the in-
situ polymer concentration in each grad block is still different due to dispersion, reservoir 
heterogeneity and streamlines between injectors and producers.  With polymer injections 
from 0 to 1 PV, polymer concentration gradient can be clearly observed. Even after oil 
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bank starts to break through (~0.5PV of injection), a large number of grids still have a 
polymer concentration below than 1500ppm. There is a dead zone between the two 
injectors on the right, where polymer concentration is lower than 500ppm even after 1PV 
of polymer injection.  
 
 
Figure 7.18 Polymer concentration (wt%) distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 
PV injection of polymer simulations with viscoelastic model.  
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As stated in the Equation 7.6, where relaxation time model is a function of local 
polymer concentration and intrinsic viscosity. The relaxation time distributions at different 
times 0.12, 0.5, 0.8 and 1.2PV of polymer injections are shown in Figure 7.19. The largest 
relaxation time is near injectors, where the relaxation time is about 0.8 seconds, which 
matches the laboratory measurement value for the polymer at 65 °C.  
 
Figure 7.19 Relaxation time distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV injection of 
polymer simulations with viscoelastic model. 
With the calculated in-situ relaxation times, Deborah numbers are determined, and 
they are shown in Figure 7.20, which includes polymer injections at 0.12, 0.5, 0.8 and 1.0 
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PV. Deborah numbers in the grids around the producer are high (>300), and they are around 
200 near injectors. For the grids in the reservoir between injectors and the producer, the 
Deborah number is mostly between 20-70 after 0.5PV of the polymer injection.  
 
Figure 7.20 Deborah number distribution of layer 4 at 0.12, 0.5, 0.8 and 1.0 PV injection 
of polymer simulations with viscoelastic model. 
To compare the effect of polymer viscoelasticity on oil saturation reduction in the 
reservoir, oil saturations at the same polymer injection time are compared, and the results 
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are shown in Figure 7.21 below. Figure 7.21 show oil saturation reductions from the 
numerical layer 4 and 8 at polymer injections of 1.05 PV and 1.74PV. The color bar is from 
0 to 7%. As can be seen in Figure 7.21, local oil saturation in the grids between injectors 
and the producer is between 4-6%.  These results clearly prove that polymer viscoelasticity 
can reduce oil saturations at reservoir conditions. 
 
 
Figure 7.21 Oil saturation difference distribution of layer 4 at 0, 0.3, 0.6 and 1.0 PV 
injection of polymer simulations with viscoelastic model. 
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7.4.3.4 Summary of three cases 
The oil recovery curves from all three cases are plotted in Figure 7.22, where water 
flood has the lowest oil recovery (43%), and it was followed by inelastic polymer (65%) 
and viscoelastic polymer (69%). With the relaxation time and viscoelastic models, an 
additional 4%OOIP was simulated.  
 
Figure 7.22 Summary of oil recovery from long-time waterflooding, waterflooding 
followed by polymer flooding without VE model and waterflooding followed 
by polymer flooding with VE model. 
The total production rates from both polymer floods were about 1000STB/day, and 
the injection pressures at long term are 3100psi (Figure 7.23).  
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Figure 7.23 Summary of injection pressure of polymer flooding with VE model. 
7.4.3.5 Sensitivity analysis  
7.4.3.5.1 VE polymer with a high relaxation time 
  Here we investigate the effect of polymer relaxation time on recovery. In 
UTCHEM, the parameter “a” in the relaxation time model is adjusted. In the following 
simulation, a is set to 1.7×10-5, 10 times larger than in the base case. All other inputs are 
the same as the base case. An additional recovery of 7%OOIP compared to inelastic 
polymer was found, which was 3% larger than the viscoelastic polymer with the lower 
relaxation time.  
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Figure 7.24 Summary of oil recoveries from waterflooding followed by polymer flooding 
without VE model and waterflooding followed by polymer flooding with 
relaxation times of 0.8 and 8sec with VE model. 
7.4.3.5.2 High injection rate 
  The reservoir in the base has a relatively shallow depth (2600 feet), which pevents 
high injection pressures and rates. Here we investigate the effect of higher injection rates 
which would be possible in a reservoir at larger depths. The same polymer properties as 
described in the section 7.4.3.3 were assumed  repeated higher injection rates 500 and 750 
STB/Day are studied here. In the sensitivity analyses with high injection rates, the injection 
rates of both water and polymer floods were increased to 500 and 750 STB/Day with 
keeping other conditions the same. The oil recovery results are shown in Figure 7.25. At 
500 STB/Day, polymer flooding with and without VE model recovers 70.66 and 
65.96%OOIP, and VE effect recovers an additional 4.7%OOIP. When the injection rate is 
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increased to 750 STB/Day, polymer flooding with and without VE model recovers 71.12 
and 66.10%OOIP. An additional oil recovery of 5.02%OOIP was found from the VE effect.  
 
Figure 7.25 Summary of oil recoveries from waterflooding followed by polymer flooding 
with and without VE model at both 500 and 750 STB/Day. At 500STB/Day, 
polymer flooding with VE model has an additional oil recovery of 4.7%, and 
5.02% for 750 STB/Day.  
7.5 CONCLUSIONS 
1. New correlations were developed and implemented into UTCHEM. These 
include a correlation for relaxation time as a function of polymer concentration and 
intrinsic viscosity, and a new Elastic Desaturation Curve (EDC) that relates residual oil 
saturation to Deborah number.  
2. The numerical simulator was validated against coreflood experiments and an 
excellent agreement between recovery, oil cuts, and pressures was observed. 
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3. The simulator is used to test the effect of viscoelasticity at the field scale. 
Polymer flooding is investigated with and without viscoelastic models, and it was found 
that the viscoelastic polymer can recover more oil (an additional 4%OOIP) from the field 
compared to the inelastic polymer. These results demonstrate that the viscoelastic effect 
can be significant at the field scale.  
4. Sensitivity analysis show that high polymer relaxation time and high polymer 
injection rates can increase additional polymer oil recovery even more due to the increase 
in Deborah number.   
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Chapter 8:  Viscoelastic Flow in Glass Microchannels 
8.1 INTRODUCTION 
Microfluidic experiments provide a way to visualize flow and transport of fluids at 
scales comparable to pores and throats. Both single phase and multiphase (immiscible 
displacement) flow can be studied in these microfluidic devices.  
The displacement of oil by a Newtonian fluid (water, water with surfactants and/or 
nanoparticles) in a single micro pore throat geometry was studied by Xu et al. (2015), who 
found that trapped oil droplet size (L) at a pore throat was proportional to the capillary 
number to the minus one third (Nc,pore
-1/3). This relationship was derived using the 
assumption that viscous and capillary forces dominate fluid displacement and it was 
validated in their experiments. The pore-scale Capillary number, a dimensionless number, 
is defined by Equation 8.1, where µ is viscosity, σ is interfacial tension between the oleic 
and aqueous phases, and u is velocity of the aqueous phase in the upstream channel 
(flux/channel cross section area).  
,


c pore
u
N
 (8.1) 
Most research of viscoelastic polymer flow using microfluidics has been single 
phase (Rodd et al. 2005; Squire and Quake, 2005; Steinhaus and Shen, 2007). However, 
Clarke et al. (2016) did perform experiments in 2D porous microchips (micromodels) in 
which viscoelastic polymer displaced oil. In Clarke et al.’s work, the 2D model is 100 µm 
in depth, and the width of pore throats varies from 50-150 µm. Channels were fabricated 
on SU-8. Glycerin, xanthan (non-viscoelastic polymer) and HPAM polymer with a Mw 
range of 3-36 million Daltons were used in the experiments. They found that residual oil 
fluctuates at low Reynolds number when flooded by viscoelastic polymer. Figure 8.1 (a) 
and (b) are results from Clarke et al. (2016).  
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Figure 8.1 Streak lines results from single phase 84wt% glycerin (a), 0.24wt% xanthan (b), 
0.24wt% HPAM 3630s (c) and 0.12wt% HPAM 6040s floods. Solutions were 
flowing from the left to the right at 12µL/min. Figure (a) and (b) are indicating 
laminar flows and (c) and (d) have cross streak lines and fluctuations (Clarke 
et al. (2016)).    
Clarke et al. (2016) also performed two-phase flows with a synthetic oil (34cp 
@25°C) in both water-wet and oil-wet (with polymethylmethacrylate) micromodels. Both 
0.24wt% HPAM 3630s and 0.24wt% xanthan solutions were injected at 60µL/min in both 
water-wet and oil-wet porous medium as shown in Figure 8.2. Residual oil is stable from 
non-viscoelastic xanthan displacements in both water-wet and oil-wet channels (Figure 8.2 
(a) and (b)). However, residual oil fluctuates from viscoelastic polymer flood, and the 
bright halos in (c) and (d) indicate residual oil fluctuating.   
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Figure 8.2 Solutions of 0.24wt% HPAM 3630s and 0.24wt% xanthan were injected at 
60µL/min in both water-wet and oil-wet porous medium. Bright halos in (c) 
and (d) indicate residual oil is not stable (fluctuating), but residual oil is stable 
from non-viscoelastic xanthan displacements Clarke et al. (2016).   
In this work, we report for this first time that trapped oil droplet oscillate (away 
from the wall) at a pore throat when displaced by a viscoelastic polymer in 2.5D microchip. 
These oscillations may help oil re-distribute in porous media, which could then enhance 
oil recovery.   
8.2 POLYETHYLENE OXIDE (PEO) POLYMER STRUCTURE AND RHEOLOGY 
8.2.1 Chemical structure and molecular weight  
Most viscoelastic polymers (including HPAM) have shear-dependent viscosity, 
which makes it challenging to isolate the effect of viscoelasticity from other rheological 
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effects. Boger fluids (Boger, 1977; Dontula et al., 1998; James, 2009) are a special class 
of viscoelastic fluid which have a constant viscosity (independent of shear rate). The first 
Boger fluids were introduced in the 1970s (Boger, 1977 and 1978); more recent fluids 
include: 1) a mixture of polyisobutylene (PIB) and polybutene (PB) in kerosene oil 
(Prilutski et al., 1983); 2) a mixture of polystyrene and dioctyl phthalate (Odell and 
Carrington, 2006); 3) a solution of polystyrene in oligomeric polystyrene (Solomon and 
Muller, 1996) and 4) polyethylene oxide (PEO) in polyethylene glycol (PEG) (Dontula et 
al., 2004).  
Polyethylene glycol (PEG) and polyethylene oxide (PEO) are water soluble 
polymers, which are commonly used in skin care products, tablet formulations, laxatives 
and food additives (Hargreves, 2003). The monomer of both PEG and PEO is ethylene 
oxide (EO) (Figure 8.3). PEO/PEG has a wide range of Mw, which can be from a few 
hundred to a few million g/mole (Dontula et al., 1998). Polymers with a higher Mw 
(>30000 Dalton) of EO are called polyethylene oxide (PEO), and polymers with a Mw 
lower than 30000 Dalton are referred to Polyethylene glycol (PEG) (Herzberger et al., 
2015).  
 
Figure 8.3 The structure of monomer, ethylene oxide (EO) is shown in (a). Molecular 
structure of polyethylene glycol (PEG) and polyethylene oxide (PEO) is 
shown in (b) (Dontula et al., 1998). The number of monomer, n is different 
for PEO and PEG polymers. 
Since Boger fluids are dilute polymer solutions, they are not generally considered 
useful in oilfield applications. However, PEO polymers with a molecular weight (Mw) of 
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1 and 5 million Dalton are used here to study fundamental behavior of viscoelasticity, 
specifically multiphase flow in which the aqueous polymer solution flows past trapped oil 
droplets in microfluidic experiments. 
 
8.2.2 PEO polymer viscosity and elasticity  
Dontula et al. (1998) performed a careful rheology study on water based PEO and 
PEG, and they found the solutions have a constant viscosity (Figure 8.4(a)), and elastic 
modulus increases with increasing PEO concentration and Mw (Figure 8.4(b)). 
 
(a)                              (b) 
Figure 8.4 (a)Steady shear viscosities of PEO/PEG solutions with concentrations. (b) With 
increasing PEO MW and mass fractions, elastic modulus increases at the same 
frequency (Dontula et al. 1998).  
Steady rate sweep test results of 1000ppm PEO (>5M Dalton, Mw) with 2%NaCl 
were performed in our laboratory using the ARES LS-1 rheometer and is shown in Figure 
8.5, where polymer viscosity is independent of shear rate in the measured range of 1 to 300 
s-1.  
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Figure 8.5 Results of steady rate sweep test for 1000ppm PEO (>5M Dalton, Mw) with 
2%NaCl at 25°C is in (a), and for 5000ppm PEO (1M Dalton Mw) is in (b).  
8.3 MATERIALS AND EXPERIMENT METHODOLOGY 
8.3.1 Fluids 
In this study, the oil phase (displaced phase) is tetradecane (2.2cp at 25°C and 
0.76g/cm3), and the displacing solutions are listed in Table 8.1 below. All displacing 
solutions have a salinity of 2wt% NaCl. Brine and glycerin are Newtonian fluids. 
Hydrolyzed polyacrylamide (HPAM) 3630s (Mw=18 million Dalton) and 3330s (Mw=8 
million Dalton) are viscoelastic polymers, which are widely applied in the oilfield. Low 
concentration PEO polymer (non-shear thinning polymer) with molecular weight of 1 
million Dalton and larger than 5 million Dalton are also studied here. More viscous and 
viscoelastic solutions were not used due to potential plugging issues in the microfluidic 
devices (easier to mobilize residual fibers in the channel).  Steady sweep rheology results 
(viscosity versus shear rate) and dynamic oscillation rheology (G’ and G” versus angular 
frequency) results for each polymer solution are shown in Appendix E.  
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Table 8.1 Concentration and rheological properties of solutions 
 
8.3.2 Microfluidic experiment setup and microfluidic geometry 
The microfluidic experimental platform (Figure 8.6) includes Chemyx Fusion 
syringe pumps, a microscope, microchips and a laptop. The microfluidic chip is made of 
glass, and it was etched with hydrofluoric (HF) acid and standard lithography procedures 
(Ke et al., 2017). The channel size is approximately 45µm in depth and 300µm in width. 
The microchip is fixed on the optical microscope (OMAX) platform. The inlets of the 
microchip are connected to a few independent syringes (Hamilton), which are fixed on the 
Chemyx Fusion syringe pumps. These pumps can apply highly accurate flow rate control.  
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Figure 8.6 Microfluidic experimental setup including pumps, microscopy, microchip, and 
laptop (Ke et al., 2015).  
 Single micro pore throat (contraction-expansion) microchips were made using 
similar procedures to those described in Xu et al. (2017), except a different mask with one 
single channel and one contraction-expansion pore throat is used here. As shown in Fig. 
8.7(a) (top view) and (b) (side view) below, the channel width (including upstream and 
downstream) and pore throat dimensions are 300µm and 60µm, respectively. The depths 
of the channel and pore throat are 45µm and 15µm, respectively. The microchip fabrication 
methods are controllable and reproducible, which allowed for the fabrication of several 
chips of similar geometry.  
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Figure 8.7 The contraction-expansion microchip geometry. The widths of main channel of 
pore throat are 300µm and 60µm, respectively. Pore throat is 300m in length. 
The main channel and pore throat have 45µm and 15µm, respectively, in 
depth.  
8.3.3 Experimental procedures 
Each displacing solution was filtered with 1.2 µm filter paper, and vacuumed for 
30 minutes to remove any gas bubbles. The dry microchannel was first saturated with 
tetradecane, and the displacing phase was then injected at a low flow rate. A tetradecane 
oil droplet was trapped upstream the pore throat due to capillary effects and pictures of the 
oil droplet were taken with a camera connected to a laptop to measure droplet size. Once 
steady state was reached, the flow rate was increased, in a step wise manner, until droplet 
width was smaller than the channel width. Displacing solutions (water, glycerin and 
polymers with different viscoelasticity) were seeded with micro particles (0.95 µm) to 
study fluid behavior. 
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8.4 RESULTS AND DISCUSSIONS 
8.4.1 Displacements with Newtonian fluids 
 Low-viscosity brine (1 cp) and higher viscosity 50wt% glycerin (8 cp) are both 
Newtonian fluids, first injected to displace tetradecane and create a set of baseline 
experiments. In each experiment, injection starts with a small flow rate to obtain the largest 
trapped oil droplet possible within the camera visual scope. Pictures of trapped oil droplet 
displaced by brine (2%NaCl) at flow rates of 8, 15, 25, 44, 105 and 260 µl/hr are shown in 
Figure 8.8.   
 
Figure 8.8 Trapped oil droplet displaced with brine (2%NaCl) at flow rates of 8, 15, 25, 
44, 105 and 260 µl/hr. The oil droplet completely went through the pore throat 
at a flow rate higher than 260 µl/hr. Oil droplet size, L is shown in the picture 
at 8 µl/hr. 
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Oil droplet size, L, decreased with increasing displacing fluid flow rates from 8 to 
260 µl/hr; when the flow rate was increased beyond 260 µl/hr, the droplet squeezed through 
the contraction throat. The experiment was repeated with the diluted glycerin. The same 
microfluidic device in Figure 8.6 was first flushed with tetradecane for hours. Then, 
glycerin was injected at 0.4 µl/hr (lower flow rate was used for glycerin than brine because 
the viscosity of glycerin is larger than brine) to trap the oil droplet upstream the pore throat. 
The observations of decreasing droplet size with length from the viscous glycerin injection 
(Figure 8.9) was similar to that of brine (Figure 8.8) 
 
 
Figure 8.9 Trapped oil droplet displaced with 50wt% diluted glycerin (2%NaCl) at flow 
rates of 0.4, 0.8, 2.6, 4.5, 6.8 and 18 µl/hr. The size of the oil droplet decreased 
with increasing glycerin injection flow rate, and the oil droplet completely 
went through the pore throat at a flow rate higher than 18 µl/hr. 
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The capillary number at steady state was calculated using the appropriate fluid 
properties in Table 8.1 and Equation 8.1. The length of the trapped oil droplet size at each 
steady state was also measured from the captured pictures with Paint. As predicted by Ke 
et al. (2015), the trapped oil droplet size (L) is proportional to Nc,pore
-1/3 as shown in Figure 
8.10.  
 
Figure 8.10 Correlations of trapped oil droplet size versus the in-situ Nc,pore
-1/3 from viscous 
(glycerin) and non-viscous (brine) Newtonian fluids.  
8.4.2 Displacements with viscoelastic fluids 
The first polymer flood was performed with 2000ppm HPAM 3630s with a TDS of 
2% NaCl. The relaxation time was measured to be 0.086 seconds, and the rheology results 
(steady sweep and dynamic frequency sweep tests) can be found in Figure E.2 (a) and (b), 
Appendix E. The same microfludic geometry was flushed with this polymer solution and 
tetradecane.  
At low flow rates (<6 µl/hr), the oil droplet size decreased with increasing flow 
rate, consistent with the water and glycerin floods, as shown in Figure 8.9 (a) to (e). 
However, the oil droplet size  was approximately constant for flow rates between 6 µl/hr 
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and  to 35 µl/hr as shown in (e) to (h) in Figure 8.11. While the polymer flow rate was 
increased to 35 or 40 µl/hr ((h) and (i)), oil droplet started to vibrate at the expansion-
contraction throat without a change in the droplet size. 
 
Figure 8.11 2000ppm HPAM 3630s (2% NaCl, τr=0.086s) was injected from low to high 
velocity. (a) to (f) represents that droplet size reduced with increasing polymer 
velocity. Droplet size barely changes at a flow rate between 6 and 35 µl/hr as 
shown in (e) to (h). Oil fluctrates at pore throat entrance (h) and (i), and it 
starts to oscillate when flow rate is larger than 40 µl/hr.  
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At higher flow rates (>40µl/hr), the size of oil droplet remained constant, but also  
oscillated along the length of the microchannel (upstream the constriction). Videos of the 
oscillations were recorded at each flow rate. Figure 8.12 shows one period of the oil droplet 
oscillations at a flow rate of 75µl/hr.  
 
Figure 8.12 Periodic oscillations of HPAM 3630s-2000ppm at pore throat entrance and a 
flow rate of 75µl/hr. The period is 12 seconds.  
As the polymer flow rate was increased, both the oscillation amplitude (distance 
the droplet traveled) and frequency (speed at which the droplet traveled) increased 
(quantification study is provided in section 8.6). These oscillations were observed in 
experiments using other viscoelastic polymers (1000ppm HPAM 3630s, 1000ppm HPAM 
3330s and 1000ppm PEO (>5M Mw)), but not inelastic fluids.  
 HPAM 3330s has a lower molecular weight than 3630s and therefore is less elastic 
for the same salinity and concentration, Here, a polymer concentration of 1000ppm and 
TDS of 2% were used as described in Table 8.1. The relaxation time was 0.059 seconds;  
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the rheology results of this polymer solution can be found in Figure E.3, Appendix E. The 
droplet size decreased with increasing flow rates from 5 to 30 µl/hr (Figure 8.13). From 30 
µl/hr to about 80 µl/hr, the droplet size continued to decrease with flowrate but only a small 
amount. Above 80 µl/hr, the droplet size did not change with increasing flow rate. Oil 
droplet started to shake at a flow rate between 100 and 120µl/hr, and periodic oscillations 
started at a higher flow rate (Figure 8.14).   
 
Figure 8.13 1000ppm HPAM 3330s (2% NaCl, τr=0.059s) was injected from low to high 
velocity. Figures from (a) to (f) represent that droplet size reduced with 
increasing polymer velocity. Droplet size reducing rate was slower when flow 
rate was above 30µl/hr as shown in (c) to (h). Oil fluctuates at pore throat 
entrance (e) and (f), and it starts to oscillate when flow rate is larger than 120 
µl/hr. 
 Figure 8.14 shows an example of oil oscillations from 1000ppm HPAM 3330s flood 
at a flow rate of 260µl/hr. The period was about 5 seconds. Compared to the oscillations 
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from more elastic HPAM 3630s flood, the size of the oil droplet when oscillation occurred 
was smaller and the frequency was higher.  
 
Figure 8.14 Periodic oscillations of HPAM 3330s-1000ppm at pore throat entrance and a 
flow rate of 260µl/hr. The period is 5 seconds. 
PEO is an elastic polymer which has a shear-independent viscosity at low 
concentrations (1000ppm). Experiments with 1000ppm PEO polymer (>5M Mw) with 2% 
NaCl were performed to isolate the effects of elasticity from other non-Newtonian effects. 
As described in Table 1, the solution has a viscosity of 3.5cp and a relaxation time of 0.066 
seconds. The steady sweep and dynamic frequency rheology results can be found in Figure 
E.4, Appendix E. After the polymer solution was filtered with 1.2 µm filter paper and 
vacuumed for 30 minutes, it was loaded in the syringe and the channel was flushed with 
tetradecane. Since the previous microchip was blocked from the previous HPAM 3330s 
displacements at a very high flow rate, a new microchip with a similar geometry was used. 
Due to the unpredictable HF etching procedure, the channel width and depth were slightly 
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different from the previous microchip. This chip was first flooded with 2% NaCl brine to 
repeat the baseline waterflood results. A geometry difference between two chips was found 
by comparing the baseline results, and this geometry difference was used in the calculations 
for the data analysis from the PEO polymer flood.  
The size of the trapped oil droplet decreased with increasing flow rates (from 6.3 
µl/hr to 300 µl/hr, and then oscillations were observed for flow rates above (Figure 8.15) 
300 µl/hr. Unlike the experiments with HPAM, there was no transition period (oil droplet 
vibrating with a constant size, L) between the droplet shrinking and the oscillations.  
 
Figure 8.15 1000ppm PEO (>5M Mw, 2% NaCl, τr=0.066s) was injected from low to high 
velocity. Oil fluctuates at pore throat entrance at 300µl/hr, and it starts to 
oscillate when flow rate is larger than that. 
The oil droplet size was smaller (<200µm) at 300 µl/hr (f) compared to 293µm at 
55µl/hr (e). The oil droplet was pushed to the wall of the microfluidic device for flow rates 
higher than 55µl/hr (e). Oscillations occurred for flow rates higher than 300 µl/hr.    
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Figure 8.16 shows oil droplet oscillations at a flow rate of 600µl/hr. The oil droplet 
size is much smaller in size compared to those from HPAM 3630s and 3330s, and it 
oscillated with a very high frequency and small amplitude. The oscillated oil droplet cannot 
go through the pore throat unless the displacing fluid is switched to water, glycerin or other 
inelastic fluids. Figures 8.14 (a) to (f) are screen shots of the video at specified times.  
 
Figure 8.16 Oscillations of PEO (>5M MW)-1000ppm at pore throat entrance and a flow 
rate of 600µl/hr. Figures from (a) to (f) are screen shots from the recorded 
oscillation videos at time 0 to 13 seconds.  
PEO with a Mw of 1 million Dalton was mixed with 2% NaCl brine and had a 
viscosity of 8 cp as listed in Table 8.1. The relaxation time was measured to be 0.016 
seconds, which is more elastic than water or glycerin but significantly less elastic than that 
of the HPAM polymer solutions or 5 million Mw PEO. The steady sweep and dynamic 
frequency rheology results can be found in Figure E.5, Appendix E. The polymer was 
injected at increasing flow rates in the same manner as previous experiments. Results are 
shown in Figure 8.17. 
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Figure 8.17 5000ppm PEO (1M Mw, 2% NaCl, τr=0.016s) was injected from low to high 
velocity. Oil droplet completely went through the pore throat with increasing 
flow rates. 
The results show that the oil droplet size decreases with flowrate and, unlike the 
other polymer solutions, completely passes through the constriction at high flow rates. No 
oscillations occurred which could be attributed to the relatively low elasticity. However, 
the droplet size reduction behavior was still different from that observed for the Newtonian 
fluids (water, glycerin), where droplet size reduction rate was linear with Nc,pore
-1/3. The 
size of the oil droplet reduced fast at the beginning (Figure 8.15 (a), (b) and (c)), but it 
slowed significantly at high flow rates (Figure 8.15 (d), (e) and (f)).   
The relationship between oil droplet size and capillary number for all experiments 
is shown in Figure 8.18. The capillary number was defined in Equation 8.1. The viscosity 
of the non-Newtonian fluids is estimated based on the apparent shear rate (velocity/chancel 
width) in the channel and a power-law model fit to the rheology data. The characteristic 
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velocity is defined as the volumetric flow rate divided by the cross-sectional area of 
upstream channel. Interfacial tensions are listed in Table 8.1.  
 
Figure 8.18 Trapped oil droplet size versus Nc,pore
-1/3 for all experiments.  
All experiments collapse onto the same linear curve of droplet size versus capillary 
number to the minus one third at low velocities/capillary numbers. In this regime, only 
viscous and capillary forces are competing; for the viscoelastic polymers, the elastic forces 
are small due to the low velocities.  
However, as polymer flow rate (and capillary number) is increased, elastic forces 
also increase. These forces become significant for fluids with sufficient relaxation time.  
Figure 8.18 shows that all viscoelastic fluids deviate from the linear trend at higher flow 
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rates. At very high flow rates, the oil droplet size stays the same, and oil oscillates at the 
pore throat. In this region elastic forces dominate over viscous forces.  
The Deborah number is a relative measure of elastic to viscous effects and was 
defined in Equation 8.2. Figure 8.19 shows the relationship of oil droplet size with NDe,pore.  
 
Figure 8.19 Trapped oil droplet size versus Deborah umber from five viscoelastic polymer 
floods, where four of them (HPAM 3630s-1000ppm, 3630s-2000ppm, 3330s-
1000ppm and PEO (>5M Mw)-1000ppm) had oil droplet oscillations and one 
(PEO (1M Mw)-5000ppm) did not.   
At small Deborah number (<0.2), the droplet size decreases linearly with NDe,pore. 
Elastic forces are negligible, and it is a viscous dominated flow regime. When NDe,pore is 
increased to about 2, the elastic force is increased to be comparable to the viscous force. 
Oil droplet size reduction rate slows down under a mixed effect from both viscous and 
elastic forces. This is a mixed (viscous and elastic) force regime. If there is a trapped oil 
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droplet when NDe,pore is larger than around 2, the trapped oil droplet oscillates without size 
reduction, which is in the elastic force dominating regime.    
8.5 STREAK LINE VISUALIZATIONS 
8.5.1 Microfluidic steak lines study setup 
To better understand the observations of droplet size, additional experiments were 
performed to visualize fluid streaklines in the microfluidic channel. The aqueous displacing 
fluids were mixed with 0.95 µm particles (uniform dyed polymer microspheres from Bangs 
Laboratories, Inc; product code: FC03F/9182) at a concentration of 0.02% (by weight), 
which has negligible effects on fluid viscosity and relaxation time. A halogen light lamp, 
neutral density filter, microchip, microscope, and PCO camera were placed in the order as 
shown in Figure 8.20. Exposure time was changed to optimize clarity of the streak lines at 
different fluxes, and videos are recorded.  
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Figure 8.20 Streaks visualization apparatus. All instruments were placed in line, and they 
are Halogen light lamp, Neutral-density filter, microchip, microscope, PCO 
camera and a computer from left to right. Microchip is placed on a 
translation stage to focus the images.  
Prior to oil droplet stops size reduction, the displacement is two-phase flow. Once 
oscillations start, the oil droplet can be regarded as an indicator in a single-phase polymer 
flood. Therefore, it is necessary to understand the fluid difference between Newtonian and 
non-Newtonian single-phase fluids flow behavior in this geometry. The streak line study 
started with single phase flow experiments and were followed by two-phase flow 
experiments.   
8.5.2 Single-phase waterflood 
 Figure 8.21 shows single phase flow of aqueous brine (2%NaCl) with the same 
microfluidic geometry as described in section 8.4 and flow rates of 50, 350, 450 and 550 
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µl/hr. The corresponding Reynolds numbers (Re=ρuL/µ) are 1.03, 7.2, 9.26, and 11.32 
(velocity in the upstream channel and pore throat length are used).  
 
Figure 8.21 Single-phase flow of water at flow rates of 50, 350, 450 and 550µl/hr, Re of 
1.03, 7.2, 9.26, and 11.32 are shown in (a) to (d). Streak lines stay symmetric 
with increasing flow rates.  
 From the observations of Newtonian flow, a symmetric vortex is formed at a low 
flow rate. The vortex length and circulating angular velocity increased with increasing flow 
rates, but the flow remained symmetric.  
8.5.3 Single-phase PEO flood 
The PEO (>5M Mw) polymer solution (1000ppm concentration with 2% NaCl) 
was used with the same microchip in the streak line study. Flow rates were increased from 
200 to 500 µl/hr. The corresponding Reynolds numbers are of 1.17, 1.75, 2.34 and 2.92.  
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Figure 8.22 Single-phase PEO (>5M MW) flows with flux of 200, 300, 400 and 500µl/hr, 
Re of 1.17, 1.75, 2.34 and 2.92 are shown in (a) to (d). Streak lines were 
symmetric at low flow rate (a). A vortex formed at one corner with further 
increasing the flow rates, which causes non-symmetric streak lines. 
At a small flow rates (<200 µl/hr), the steak lines are symmetric, which is similar 
to the Newtonian fluids (Figure 8.22(a)). However, at higher flow rates, streak lines became 
asymmetric, and a small vortex was formed in the corner near the constriction (Figure 
8.22(b)). The size and angular velocity of the vortex grew gradually (diameter) at a higher 
flow rates (Figure 8.22 (c) and (d)).  
8.5.4 Two-phase waterflood 
Figure 8.21 shows pictures of oil-water two-phase waterflooding results at flow 
rates of 100, 250, 400 and 560µl/hr, where the capillary numbers are 9.3×10-5, 2.2×10-4, 
3.4×10-4 and 4.7×10-4, respectively. It was observed that streak lines were symmetric at all 
times at different flow rates. There was no vortex observed before the oil droplet passes 
through the pore throat.  
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Figure 8.23 Pictures of water-oil two-phase flows with flux of 100, 250, 400 and 560µl/hr, 
and Nc,pore of 9.3×10
-5, 2.2×10-4, 3.4×10-4 and 4.7×10-4 are shown in (a) to (d). 
Streak lines stay symmetric with increasing flow rates at all time. No vortex 
was observed, and oil droplet went through the pore throat.  
8.5.5 Two-phase viscoelastic polymer flood 
In the two-phase streak lines study with viscoelastic polymers, PEO (>5M Mw, 
1000ppm, 2%NaCl) and HPAM 3330s (1000ppm, 2%NaCl) polymer solutions were used. 
The purpose of using PEO (>5M Mw) polymer first is because of the constant viscosity. 
At low flow rates, streak lines were symmetric, which was similar to what was observed 
from the experiment with brine (Figure 8.24(a)). Streak lines became asymmetric at higher 
flow rates and the oil droplet was pushed to one edge of the channel (Figure 8.24 (b) and 
(c)). At an even higher flow rate (450 µl/hr), a large vortex formed on the opposite side of 
the channel (Figure 8.24 (d), top circle), and a small vortex formed in the corner between 
the bottom wall and the oil droplet (bottom circle).  
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Figure 8.24 PEO polymer-oil two-phase flow with flux of 50, 300, 400 and 450µl/hr are 
shown from (a) to (d).   
There is a good chance that the dissolved particles (0.95µm) can be trapped at the 
contraction pore throat at high flow rates. Displacements at a higher flow rate (>450µl/hr) 
were not performed.  
The experiment was repeated using HPAM 3330s as shown in Figure 8.23 (a) to 
(d). Similar to the PEO (>5M Mw) experiments, HPAM 3330s displacements at small flow 
rate (Figure 8.25 (a), flow rate, q=70 µl/hr, Nc,pore=9.1×10
-5) also had symmetric streak 
lines. Symmetric streak lines disappeared (Figure 8.25 (b), q=95 µl/hr, Nc,pore=1.2×10
-4), 
and a vortex was formed ((c), q=130 µl/hr, Nc,pore=1.5×10
-4) at high flow rates ((d), q=230 
µl/hr, Nc,pore=2.42×10
-4). The oil droplet started to oscillate at 230 µl/hr.   
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Figure 8.25 Streak lines from 1000ppm HPAM 3330s at 70, 95, 130 and 230 µl/hr are 
showing in (a) to (d).  
8.7 AMPLITUDE (AV) AND VELOCITY (VV) OF OSCILLATIONS 
Since the oscillations from PEO polymers (>5M Mw Daltons) have very small 
amplitudes and high frequencies. Recorded videos are difficult to analyze. Results of 
amplitude and frequency were only analyzed for HPAM 3630s and 3330s polymers. In the 
recorded videos, point A (Figure 8.26) is a fixed point on the oil droplet, and point A 
oscillates with the oil droplet. Point B is a fixed point in the channel (stable). Distances 
between A and B versus time (data gathered every 0.5 seconds) were extracted from the 
polymer displacement videos at different flow rates.  
 
 
Figure 8.26 Distance analysis example from the recorded videos 
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Figure 8.27 (a) is an example of the (AB) distance versus time for HPAM 3630s at 
75μl/hr. Distance data (D) were adjusted with time (t) by a fitting linear trending line D=-
0.0906t+567, so that the adjusted relative central position of the oscillations are 0μm, and 
the plot with time becomes Figure 8.27 (b).  
 
 
Figure 8.27 AB distance versus time data during oscillations of HPAM 3630s at 75μl/hr. 
 With the same distance analysis method, the oil droplet oscillation distance versus 
time results for 2000ppm HPAM 3630s displacement at flow rates of 45, 55, 60 and 75μl/hr 
are shown in Figure 8.27 (a), (b), (c) and (d) respectively, where show oscillations have a 
higher maximum amplitude and frequency at a larger polymer flow rates. 
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Figure 8.28 Moving distance versus time at flow rate of 45, 55, 60 and 75µl/hr are shown 
in (a) to (d).  
The oil droplet oscillation distance versus time results for 1000ppm HPAM 3630s 
displacement at flow rates of 107, 137, 150 and 200μl/hr are shown in Figure 8.29 (a), (b), 
(c) and (d) respectively.  
 
Figure 8.29 Moving distance versus time at flow rate of 107, 137, 150 and 200µl/hr are 
shown in (a) to (d).  
Figure 8.30 (a) to (d) show the same results of 1000ppm HPAM 3330s 
displacements at flow rates of 200, 220, 240 and 260µl/hr, respectively.  
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Figure 8.30 Moving distance versus time at flow rate of 200, 220, 240 and 260µl/hr are 
shown in (a) to (d).  
Local velocity was determined by distance different in every 0.5sec from the 
exported data from the videos. Frequency normal distributions of the adjusted distance and 
velocity within the recorded time period were plotted, and both amplitude (Av) and velocity 
(Vv) are determined at one standard deviation. The relationship between the amplitude and 
polymer flow rates from each type of polymer solution (HPAM 3630s-2000ppm, HPAM 
3630s-1000ppm and HPAM 3330s-1000ppm) are shown in Figure 8.31 (a). The 
interceptions of the three straight lines to the x-axis are compared well to the flow rates 
that oscillations initiated: 45 µl/hr for HPAM 3630s -2000ppm, 120 µl/hr for HPAM 
3630s-1000ppm and 180 µl/hr for HPAM 3330-1000ppm. Polymer solutions with  higher 
relaxation times have a larger slope in the figures. The oscillations from PEO (>5M Mw) 
polymer occurred at a very high flow rates, which causes a small oscillation amplitude and 
high frequency. Distance data were difficult to  extract from the videos, and the results are 
not shown here.  
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 From the distance data extracted from the videos, a distribution of local velocity 
versus time (distance change in every 0.5 second) can be easily achieved. The velocity of 
at one standard deviation from each polymer displacement in all three types of polymers is 
plotted in Figure 8.31 (b).  
 
Figure 8.31 Oscillating amplitude (μm) and velocity (μm/s) are represented at one standard 
deviation from the adjusted droplet moving distance distribution and velocity 
distribution from three types of polymer solutions HPAM 3630s-2000ppm, 
HPAM 3630s-1000ppm and HPAM 3330s- 1000ppm. The amplitude and 
velocity for each polymer solution at different flow rates are shown in (a) and 
(b).  
8.7 DISCUSSION OF OSCILLATIONS 
Recorded pictures at different flow rates from each type of displacing fluid are 
overlapped on top of each other (by adjusting brightness and contrast), and the results can 
be seen in Figure 8.32. Newtonian fluids (brine and viscous glycerin) are shown in (a) and 
(b). Flow rates are 15, 25, 44, 105 and 260µl/hr for brine in (a), and 0.4, 0.8, 2.6, 4.5, 6.8 
and 18µl/hr for viscous glycerin in (b). The trapped oil droplet from both brine and viscous 
glycerin displacements are always centered in the channel.  
Figure 8.32 (c) and (e) are displacements with HPAM 3630s-2000ppm and HPAM 
3330s-1000ppm. Different from Newtonian fluids, trapped oil droplets from viscoelastic 
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polymer are centered in the channel at small flow rates, but the droplet is gradually pushed 
to the side wall (a random side). Fluctuations (before oscillations start) from HPAM 3630s-
2000ppm and HPAM 3330s-1000ppm are shown in (d) and (f), where oil droplets fluctuate 
on the side. Even though both displacements are performed with the exact same microchip 
(same channel), oil droplet fluctuates on the top side wall from HPAM 3630s-2000ppm 
displacement, and bottom side wall from HPAM 3330-1000ppm. Injected polymers keep 
pushing oil droplet back and forth in cycles.  
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Figure 8.32 Brine at 15, 25, 44, 105 and 260µl/hr are shown in (a), and glycerin flood at 
0.4, 0.8, 2.6, 4.5, 6.8 and 18 µl/hr are shown in (b). HPAM 3630s-2000ppm 
at 1.6, 1.9, 2.7, 5, 6 and 7 µl/hr are shown in (c), and fluctuations at 35ul/hr 
are shown in (d). HPAM 3330s-1000ppm at 5, 15, 30, 80 and 100 µl/hr are 
shown in (e), and fluctuations at 140 µl/hr are shown in (f). PEO (>5M MW)-
1000ppm at 6.3, 7.6, 10.3, 30, 55 and 300ul/hr are shown in (g), and PEO (1M 
MW)-5000ppm at 2, 3, 6.5, 18, 50 and 110 µl/hr are shown in (h).   
 Similar behavior is observed from both PEO polymers (molecular weight larger 
than 5 million Dalton and 1 million Dalton), where the trapped oil droplet is centered in 
the channel at small flow rates, and it is pushed to the side wall when the fluid is more 
elastic (at large flow rates) (Figure 8.29 (g) and (h)). As shown in Figure 8.29(g), trapped 
oil fluctuates in the corner, and oscillations begin at a higher flow rate. Different from 
HPAM 3630s-2000ppm, HPAM 3330s-1000ppm and PEO (>5M Mw) polymers, PEO 
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(1M MW) has a much smaller elasticity even at a higher flow rate. As shown in Figure 
8.29(h), the oil droplet fluctuates in the corner on the side. The size of the droplet keeps 
being reduced with increasing polymer injection rate, and the droplet eventually goes 
through the pore throat.  
Polymer displacing oil can be considered as three stages, and cartoons of channel 
cross plots of the three stages are shown in Figure 8.30. 
 
Figure 8.33 Channel cross plots of three stages from polymer displacing oil process.  
 At small flow rates, polymer is not significantly elastic, and it behaves like a 
Newtonian fluid, which was shown in Figures 8.11, 8.13 and 8.15. Forces from four gutters 
are equivalent, which steadily centers the trapped oil droplet in the channel (stage 1, Figure 
8.33). The elastic force is negligible, and stage 1 is in the viscous dominating region. With 
increasing flow rates, the elastic force becomes larger. Trapped oil starts to shake (in situ 
vibrations), but it is still centered in the channel. The forces in the gutter are no longer 
symmetric like the case in Figure 8.24(c). A vortex starts to form on one side of the channel. 
Local flow rate between the vortex and trapped oil droplet is significantly increased, which 
increases local shear rate and local polymer elasticity. The forces from the vortex side of 
the oil droplet are larger than the forces from the other side (stage 2, Figure 8.33). By 
increasing the polymer flow rate more, the size of the vortex grows (Figure 8.24 (c) and 
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(d), and Figure 8.25 (c) and (d)), which further increases the forces on the vortex side. 
Since viscous forces are comparable to elastic forces, the increasing elastic force pushes 
the droplet to the side wall (stage 3, Figure 8.33). In Figure 8.24 (d) and Figure 8.25 (d), 
oil droplets are pushed to the side wall and locally fluctuates. Both stage 2 and 3 are in the 
mixed viscous and elastic forces dominating region.  
 When the polymer flow rate is increased even further, the elastic force increases at 
the constrictions between vortex, oil droplet and pore throat. It was observed that the oil 
droplet was pushed backwards. The total geometry contraction at the pore throat is reduced 
after the droplet moves backwards, the elastic force is reduced near the pore throat, and 
polymer becomes single phase flow in the near pore throat region. As illustrated in Figure 
8.22 (c) and (d), a new vortex is formed at the pore throat. When the droplet is far from the 
newly formed vortex and pore throat, the elastic force is much smaller than the viscous 
force on the droplet, which pushes the droplet back to the pore throat. Once the droplet 
comes back, the geometry constriction including the droplet, vortex and pore throat is 
increased, which increases the elastic force and the droplet is pushed away from the pore 
throat again (Figure 8.25). Therefore, the droplet oscillates in cycles from the viscoelastic 
polymer flood at high flow rates.  
8.8 CONCLUSIONS 
 Observations from the experiments in a single expansion-contraction microchannel 
with a high deformation rate suggest that viscoelastic polymer displacing oil process can 
be categorized into three regions- 1) viscous dominating regime, 2) mixed viscous and 
elastic regime, and 3) elastic dominating regime. In the viscous dominating regime (Nc,pore<
53 10 , NDe<2), oil droplet size decreases linearly with Nc,pore
-1/3. At higher flow rates, the 
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displacement occurs in a mixed region due to a larger elastic force, where the relationship 
of droplet length and Nc,pore
-1/3 deviates from linearity. At very high flow rates, trapped oil 
droplet oscillate at the pore throat, and both oscillation frequency and amplitude increase 
with polymer flow rate. Polymer vortex flow regimes on both sides of the oscillating 
droplet periodically occur, disappear and reform during the oscillation process. This new 
observed oscillation phenomenon may help explain macroscopic observations of 
viscoelastic polymer flow in real porous media. 
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Chapter 9 Conclusions and Future Work 
9.1 CONCLUSIONS 
The major conclusions reached from this study are summarized in this chapter. Core 
flood experiments with low and high viscosity oil (in Bentheimer and Berea), , the effect 
of polymer hydrolysis on relaxation time, a polymer fluid flow study in microfluidic 
channels,  and UTCHEM simulations were performed with the goal of determining if 
viscoelastic polymers can reduce residual oil saturation, under what conditions they do so, 
and the underlying mechanisms.   
Viscoelastic polymers do reduce residual oil saturation beyond a waterflood or 
purely viscous fluids (glycerin) in water-wet sandstones, such as Bentheimer and Berea 
rocks.  The reduction has been demonstrated with both high viscosity (120cp) and low 
viscosity (10cp) oil. Six core floods were performed with viscous oil and homogeneous 
Bentheimer sandstones (1000-2500mD). All cores were first saturated with brine and oil. 
Waterflood brines were injected at constant pressure gradients until oil cut was zero, and 
they were followed by viscous glycerin floods to reach “true” residual oil saturation. The 
improved oil recovery from the HPAM 3630s viscoelastic solutions that followed the 
glycerin flood was residual oil, because the previous glycerin solutions had comparable 
and often greater viscosities. In one experiment, CT scans were used to confirm residual 
oil saturation and oil saturation reduction from the viscoelastic polymer flood. The 
capillary numbers were maintained relatively low (~1×10-5) and below the critical capillary 
number to ensure capillary desaturation was the not the cause of the recovery. Capillary 
end effects were minimized by using relatively long cores (1 foot) and high velocities 
(>1ft/day). No additional recovery was observed when the polymer had low elasticity 
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(Deborah number of only 0.6). It was found that the amount of residual oil recovered was 
correlated with the dimensionless Deborah number.  
The Deborah number is a function of the rock properties, velocity, and polymer 
relaxation time. In the laboratory, velocity is the easiest variable to control, but may not be 
practical in field applications. Increasing the polymer relaxation time (relative to the 
viscosity) may prove to be the most practical way to maximize Deborah number.  A study 
was performed to investigate the effect of hydrolysis on rheology and it was found that 
polymer relaxation time can be increased (more than apparent viscosity). The effect of 
polymer molecular weight, structure, salinity, hydrolysis temperature, pH and polymer 
concentration were systematically studied, including three different types of polymers; 
HPAM 3630s (18 million Daltons), 3330s (8 million Daltons) and AN-125 (8 million 
Daltons). The pH of polymer solutions was changed by using NaHCO3 (pH~8.5) and 
Na2CO3 (pH~10). Polymer solutions were hydrolyzed at 40 °C and 70 °C.   Hydrolysis can 
increase the relaxation time of HPAM 3630s polymer by a factor of about two.  The 
hydrolysis process is fast at a high pH and high temperature conditions; it takes a few hours 
to reach steady state at pH~12 and about two days on average at pH~10. The hydrolysis 
effect is even greater (relaxation time was increased by more than a factor of two) when 
the polymer concentration is high. Hydrolysis is more effective on polymers with large 
molecular weights (18 million Dalton), than small molecular weight polymers. For 
polymers of similar molecular weight, having more sub-branches does affect the relaxation 
time from hydrolysis significantly. Hydrolyzed viscoelastic polymers at high pH were 
neutralized with diluted HCl solutions. The newly neutralized polymers have similar 
viscosity compared to the regularly dissolved polymers at the same conditions, but the 
relaxation time is still higher.  
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 Viscoelastic polymers reduced residual oil saturation when the oil had a relatively 
low viscosity (< 10 cp). Six core floods were performed with low viscosity oil in both 
Bentheimer (5 experiments) and Berea (1 experiment) sandstones. After the cores were 
saturated with oil, they were waterflooded with brine. Polymer floods were then performed, 
without viscous glycerin pre-flood because of the already favorably mobility ratio from the 
waterflood. Core flood No. 1 from Chapter 4 (dissolved polymer) and No.1 from Chapter 
6 (hydrolyzed polymer) are compared to study the effect of polymer hydrolysis on 
increasing polymer flood Deborah number. At similar injection conditions, the Deborah 
number of hydrolyzed polymer was 50, which is more than three times higher than that 
from regular dissolved polymer flooding (NDe=16) and more oil was produced for the 
experiment with higher NDe.  
In core flood #2 from Chapter 5, HPAM 3630s polymer was first hydrolyzed at 
pH~10.5 and 70°C, and it was neutralized with 0.005M HCl to pH~8.5. This neutralized 
polymer had a similar viscosity compared to the dissolved polymer at the same conditions, 
but the relaxation time was still twice as high. Therefore, a combination of hydrolysis and 
neutralization can improve the Deborah number during polymer flooding without having 
other negative effects. The highest Deborah number achieved from any core floods in this 
study was 424, where the relaxation time of a hydrolyzed low salinity polymer was 11.8 
seconds.  
In the low viscosity oil core floods, another polymer solution was usually injected 
after the first viscoelastic polymer flood reached steady state and the new residual 
saturation was reached. The polymer solution was the same polymer (HPAM 3630s), but 
had a higher salinity. The polymer concentration was also higher, but the apparent viscosity 
of both polymer solutions was nearly identical. An additional oil recovery 11% OOIP on 
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average (including the core flood results from Erincik (2017)) was found from the second 
polymer flood.  Recovery from the second polymer flood was delayed (~2 pore volumes) 
compared to the first polymer flood and the oil cut was smaller, but lasted longer compared 
to the first polymer flood. The reduction in residual oil saturation was correlated with the 
dimensionless Deborah number using all core floods from Chapters 4 and 6, and results 
from Ehrenfried (2013) and Erincik et al. (2017). It was found that very little (or no) effect 
of viscoelasticity was observed if the Deborah number was less than ~1, but residual 
saturation decreased with increasing Deborah number above 1 (Sor/Sor,∞ = 1 – 
0.1329log(NDe). The correlation is referred to here as  an “Elastic Desaturation Curve 
(EDC)” due to its resemblance to a capillary desaturation curve.  The curve (slope) may be 
different for different rock types and additional experiments are needed to improve the 
correlation. 
The EDC was included into a finite difference, chemical flooding, reservoir 
simulator, UTCHEM. A correlation of polymer relaxation time versus polymer 
concentration and intrinsic viscosity was also developed and added to UTCHEM. The new 
UTCHEM model was validated against 1D core floods performed in this work (both 
viscous and low viscosity oil were simulated).  Oil saturation, oil cut, and pressure drop all 
agreed well with the experimental results. A field pilot reservoir model was applied, and 
the results from UTCHEM simulation showed that the viscoelastic polymer would recover 
an additional ~3-4% of oil beyond a polymer flood that was inelastic, and it can be 
increased to 8-10% if polymer solutions were injected at a higher concentration and a 
higher flow rate.  
 Microfluidic experiments were performed to study the oil recovery mechanisms 
from viscoelastic polymer flooding. A trapped oil droplet was centered in a glass 
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microfluidic channel with a constriction. Aqueous fluid (brine or polymer) was injected 
and flowed past the oil droplet. Flow rates started relatively low and were incrementally 
increased. Injection of Newtonian fluids (e.g. brine and glycerin) resulted in decreasing the 
droplet size until the oil droplet completely went through the pore throat; it followed the 
theoretical trend of L ~ NCa
-1/3. However, when the fluid was viscoelastic the oil droplet 
size reached a minimum at a critical flowrate. It oscillated back and forth at the pore throat 
at high flow rates. Instead of going through the pore throat, the droplet oscillated with a 
higher amplitude and a higher frequency at higher flow rates. It was found that 
displacement of oil by viscoelastic polymers can be categorized into three regions: 1) 
viscous dominating regime, 2) mixed viscous and elastic regime, and 3) elastic dominating 
regime. 
The trapped oil droplet for viscoelastic flow was centered in the channel at small 
flow rates, and it was pushed to a side wall (random side) with increasing flow rates. From 
the streaklines study, streaklines were symmetric at all times until the oil droplet went 
through pore throat from displacements with Newtonian fluids. In the viscoelastic polymer 
flood, streaklines were symmetric at small flow rates, and streaklines were tilted to one 
side while the oil droplet was pushed to the opposite side. A vortex was formed next to the 
oil droplet, and the size of the vortex grew with increasing flow rates before the oscillation 
started. Once the oil droplet started to oscillate, polymer vortex flow regimes on both sides 
of the oscillating droplet took turns to occur, disappear and reform during the oscillation 
process. This new observed oscillation phenomenon may help explain macroscopic 
observations of viscoelastic polymer flow in real porous media. 
 New hypotheses for oil recovery from viscoelastic polymer flooding have been 
formed from the results and observations of core flood and microfluidic experiments 
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performed in this work. The observed oscillations at the pore scale may help oil recovery. 
These trapped oil droplets could serve as conformance control agents and divert fluid to 
other pores, thus changing local pressure gradients and potentially mobilizing oil. 
 Regardless of the mechanism, oil is mobilized by the viscoelastic polymer, some of 
which is produced and some of which may be re-trapped in other downstream (and possibly 
larger) pores. Evidence of the mobilization and re-trapping is provided in some 
experiments by the observations of core pressures changing even after oil saturation 
reaches steady state and that many experiments show that end point relative permeability 
of the aqueous phase does not increase (and sometimes decreases) from the brine/glycerin 
flood to the viscoelastic polymer flood. The second polymer flood with high salinity (and 
low elasticity) then recovers the newly-trapped oil that was mobilized (but not recovered) 
from the first polymer flood. 
9.2 FUTURE WORK 
 The effect of viscoelasticity on residual oil saturation has only been tested in a few 
rock types (Bentheimer and Berea), the mechanisms for both polymer floods are still 
uncertain, and the process needs to be optimized if used in real reservoirs.  Therefore, more 
experiments and modeling studies are recommended, which include:  
1) The capillary numbers of the polymer floods performed in this work were 
controlled below the critical capillary number, but they (as well as pressure 
gradients) are still high compared to most of the reservoir conditions. Polymer 
floods at pressure gradients (~1 psi/ft) consistent with field operations are 
recommended. It will be challenging to maintain a high Deborah number in these 
experiments. It is recommended to perform these experiments in high permeability 
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cores (> 3D), such as unconsolidated sand packs and/or to use polymers with higher 
relaxation times. 
2) HPAM 3630s solutions used in the core floods discussed in Chapter 6 were 
hydrolyzed which had the effect of increasing the relaxation time. The effect of 
hydrolysis on increasing polymer relaxation time should be more significant for 
polymers with a higher MW than HPAM 3630s (e.g. HPAM 6030s and 6040s). 
Using these polymers in a low salinity environment and at a high pH condition 
(pH~12), followed by neutralization with acids before injection, would result in 
very high Deborah numbers. These high molecular weight polymers may plug most 
real rocks (Berea and even Bentheimer), so high permeability sand packs may be 
needed. 
3) The effect of viscoelasticity should be studied in different types of rocks. For water-
wet media, the effect of heterogeneity should be studied. Boise sandstones are 
recommended as they are often very heterogeneous but still of high permeability. 
Sandpacks may be good for comparison to homogenous media. 
4) Rocks of different wettability (oil wet and mixed wet) should be investigated. Oil 
trapping mechanisms are different between the water-wet and oil-wet porous media 
because residual oil is trapped in the center of pores in water-wet porous media, 
and it is attached on the rock surface in oil-wet porous media. Therefore, the 
residual oil will be different. Using mixed-wet and oil-wet limestone/dolomite (e.g. 
Silurian) may be difficult because of low the permeability (polymer injectivity 
issue). An alternative to these rocks is to alter the wettability of water-wet 
sandstones using dichlorodiphenylsilane or chlorotrimethylsilane 
(Worawultichanyakwl, 2016).   
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5) The brine used in most of the experiments conducted in this work were soft brines 
(no metal cations), which was chosen to increase relaxation time. More experiments 
should be conducted with brines including more di-valet cations e.g. Ca2+.becasue 
di-valet cations are common in reservoir brines. The results will be more applicable 
to reservoir productions.  
6) All experiments were conducted at room temperature, 25°C. It is recommended to 
perform core flood experiments at reservoir temperatures. Increasing the 
temperature usually has the effect of decreasing both the viscosity and relaxation 
time. The degree of polymer hydrolysis changes during the flooding, where the in-
situ polymer relaxation time is higher than that before injections if oxygen is well 
controlled (no or extremely low oxygen concentration) in the core. To perform a 
viscoelastic polymer flood at high temperatures, oxygen should be controlled 
extremely low in all the injection fluids like oil and waterflood brine. Degassing 
with argon must be performed. A lower polymer viscosity helps increase the flow 
rate, which increases Deborah number.  
7) A few core floods should be performed in  cores without EDTA treatment. All the 
cores used in this dissertation were pre-treated with EDTA to reduce iron before 
polymer flooding, which provides a better geochemical environment for polymers 
with less degradation. Although no other effects of EDTA on oil recovery are 
expected in these experiments, parallel core flood experiments without EDTA 
should be performed to be certain. Polymer solutions have a higher chance to 
degrade with large amounts of metal di-valent cations in the cores. 
8) Most of the polymer floods in this work showed positive results (high oil 
recoveries), and conclusions were drawn based on those results. Additional core 
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floods should be performed to show low/no oil recovery when the polymer 
elasticity is removed. For example, experiments with polymers of low relaxation 
time (HPAM 3130s) or decreasing the relaxation time by increasing the salinity 
could be used to show that the Deborah number must be high (even when pressure 
gradient is relatively high) to reduce residual oil saturation. 
9) Hydrolyzed polymer solutions used in Chapter 6 were prepared with Na2CO3, but 
additional hydrolysis results have shown that the hydrolysis process is faster with 
NaOH to a higher pH (pH~12). A small concentration (200ppm) of NaOH can lead 
to a high pH (pH~12). Low TDS also helps increase the dissolved polymer 
relaxation time on day 0. Polymer degradation occurs quickly if too much oxygen 
is dissolved in the polymer solution before placing in the oven for hydrolysis, so 
one must be careful in the preparation to avoid Oxygen.   
10) A correlation of the effect of polymer hydrolysis as a function of hydrolysis time, 
polymer concentration, salinity and polymer type should be developed to estimate 
and maximize the relaxation time under different chemical conditions.  
11) Hydrolysis of HPAM 3330s was studied in this work but the results could be better 
if a lower salinity (<3%) and a higher pH (>12) were chosen. Even HPAM 3630s 
or polymers with a higher MW have a high relaxation time, injectivity could be a 
problem in low permeability rocks (<200mD), and HPAM 3330s is a good option.  
A careful hydrolysis study on HPAM 3330s should be performed.  
12) One coreflood experiment was conducted using a CT scanner and it was effective 
at proving the recovered oil was residual oil.  Although time consuming and 
difficult, additional experiments are recommended using the scanner, especially to 
investigate behavior during the second polymer flood. Results from the CT scanner 
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can be used to determine local high and low permeable regions (by comparing local 
CT numbers before and after viscoelastic polymer flood), which can be used to 
study residual oil distribution and oil recovery from the 1st viscoelastic polymer 
flood and the 2nd viscous fluids.  
13) The relaxation time was estimated in this work from oscillatory shear experiments 
and the G’, G” crossover point. This is only exact for linear, viscoelastic fluids with 
a single relaxation time. Furthermore, G’ and G” are not valid if the oscillation 
frequency is high (>100s-1). HPAM is a nonlinear fluid with multiple relaxation 
times. Other models to determine relaxation time are presented in the literature 
including a fit of the oscillatory shear data to a Generalized Maxwell Model 
(GMM), stress relaxation, or the inverse of the shear rate at intersection between 
Newtonian and shear thinning behavior.   A careful rheology study of viscoelastic 
polymers is recommended, and relaxation times from different models should be 
compared.  
14) The reason for the oil droplet oscillations observed in the microfluidic experiments 
is not certain. Pore-level CFD modeling should be performed to study polymer fluid 
mechanics, e.g. vortex at pore throat during oil droplet oscillations. Numerical 
simulation of viscoelastic flow is challenging even for single phase. 
15)  Experiments in micromodels (two-dimensional porous media) are recommended 
to visualize the mechanisms for oil recovery. Recent advancements to micromodels 
have allowed for three-dimensional features which are important for residual 
trapping. Initial experiments could be performed in homogenous micromodels, but 
heterogeneities should be studied as well. With a more heterogeneous porous 
medium, oscillations from viscoelastic polymer flood should be more significant.  
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16) A pore-network model should also be developed, compared with 2.5D micromodel 
experiments, and then used to predict and maximize recovery in real rocks.  The 
challenge is that an accurate pore-network model requires accurate pore-scale 
equations for pores and throats. These equations must be upscaled from CFD 
simulations or empirically from microfluidic experiments. 
17)  The Elastic De-Saturation Curve (EDC) can be improved using additional 
coreflood experiments. In particular, the effect of rock type and wettability on the 
shape/slope of the curve should be studied.  
18) The EDC and relaxation time model were added to UTCHEM in this work. It was 
shown that the effect of viscoelasticity on oil recovery is significant in real 
reservoirs. More reservoir fields should be tested, including those with lower 
permeability and larger well spacing. The concern is that velocities, shear rates, and 
therefore Deborah number will not be large enough far away from the wellbore to 
have an impact. It is recommended to investigate the effect of horizontal wells and 
placement in order maximize the oil recovery from polymer flooding.  
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Appendix A 
Polymer rheology results for CDC curves in Chapter 4 
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Figure A.1 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in HPAM flood #1 for CDC curves study.  
 
Figure A.2 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in HPAM flood #2 for CDC curves study.  
 
Figure A.3 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in HPAM flood #3 for CDC curves study.  
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Appendix B 
Polymer rheology results for core floods in Chapter 4 
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Figure B.1 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in core flood #1 
 
Figure B.2 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in core flood #2 
 
Figure B.3 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in core flood #3a and b 
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Figure B.4 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in core flood #4 
 
Figure B.5 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in core flood #5 
 
Figure B.6 Dynamic oscillation sweep test (a) and steady sweep results (b) for polymer 
solutions in core flood #6 
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Appendix C 
Polymer rheology results of hydrolysis samples in Chapter 5 
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Figure C.1 1500ppm HPAM 3630s, high pH, high salinity, hydrolysis @45°C (2%Na2CO3 
and 6%NaCl)  
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Figure C.2 1500ppm HPAM 3630s, high pH, high salinity, hydrolysis @70°C (2%Na2CO3 
and 6%NaCl)  
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Figure C.3 1500ppm HPAM 3630s, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.4 1500ppm HPAM 3630s, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.5 3000ppm HPAM 3630s, high pH, high salinity, hydrolysis @45°C (2%Na2CO3 
and 6%NaCl) 
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Figure C.6 3000ppm HPAM 3630s, high pH, high salinity, hydrolysis @70°C (2%Na2CO3 
and 6%NaCl)  
  
253 
 
         
Figure C.7 3000ppm HPAM 3630s, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl) 
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Figure C.8 3000ppm HPAM 3630s, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.9 4500ppm HPAM 3630s, high pH, high salinity, hydrolysis @45°C (2%Na2CO3 
and 6%NaCl)  
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Figure C.10 4500ppm HPAM 3630s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl)  
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Figure C.11 4500ppm HPAM 3630s, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl) 
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Figure C.12 4500ppm HPAM 3630s, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.13 1500ppm HPAM 3630s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.14 1500ppm HPAM 3630s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.15 1500ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl)  
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Figure C.16 1500ppm HPAM 3630s, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 
and 1%NaCl)  
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Figure C.17 3000ppm HPAM 3630s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl) 
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Figure C.18 3000ppm HPAM 3630s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.19 3000ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl) 
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Figure C.20 3000ppm HPAM 3630s, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 
and 1%NaCl) 
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Figure C.21 4500ppm HPAM 3630s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.22 4500ppm HPAM 3630s, low pH, high salinity, hydrolysis @75°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.23 4500ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl)  
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Figure C.24 4500ppm HPAM 3630s, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl)  
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Figure C.25 3500ppm HPAM 3330s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl) 
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Figure C.26 3500ppm HPAM 3330s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl)  
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Figure C.27 3500ppm HPAM 3330s, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl) 
  
274 
 
 
Figure C.28 3500ppm HPAM 3330s, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.29 4500ppm HPAM 3330s, high pH, high salinity, hydrolysis @45°C 
(2%Na2CO3 and 6%NaCl)  
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Figure C.30 4500ppm HPAM 3330s, high pH, high salinity, hydrolysis @70°C 
(2%Na2CO3 and 6%NaCl)  
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Figure C.31 4500ppm HPAM 3330s, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.32 4500ppm HPAM 3330s, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 
and 1%NaCl)  
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Figure C.33 3500ppm HPAM 3330s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl) 
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Figure C.34 3500ppm HPAM 3330s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.35 3500ppm HPAM 3330s, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl) 
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Figure C.36 3500ppm HPAM 3330s, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 
and 1%NaCl) 
 
  
283 
 
 
Figure C.37 4500ppm HPAM 3330s, low pH, high salinity, hydrolysis @45°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.38 4500ppm HPAM 3330s, low pH, high salinity, hydrolysis @70°C 
(2%NaHCO3 and 6%NaCl)  
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Figure C.39 4500ppm HPAM 3330s, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 
and 1%NaCl)  
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Figure C.40 4500ppm HPAM 3330s, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 
and 1%NaCl)  
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Figure C.41 3000ppm AN-125, high pH, high salinity, hydrolysis @45°C (2%Na2CO3 
and 6%NaCl) 
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Figure C.42 3000ppm AN-125, high pH, high salinity, hydrolysis @70°C (2%Na2CO3 
and 6%NaCl)  
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Figure C.43 3000ppm AN-125, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 and 
1%NaCl) 
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Figure C.44 3000ppm AN-125, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 and 
1%NaCl)  
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Figure C.45 4500ppm AN-125, high pH, high salinity, hydrolysis @45°C (2%Na2CO3 and 
6%NaCl)  
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Figure C.46 4500ppm AN-125, high pH, high salinity, hydrolysis @70°C (2%Na2CO3 and 
6%NaCl)  
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Figure C.47 4500ppm AN-125, high pH, low salinity, hydrolysis @45°C (2%Na2CO3 and 
1%NaCl)  
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Figure C.48 4500ppm AN-125, high pH, low salinity, hydrolysis @70°C (2%Na2CO3 and 
1%NaCl)  
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Figure C.49 3000ppm AN-125, low pH, high salinity, hydrolysis @45°C (2%NaHCO3 and 
6%NaCl) 
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Figure C.50 3000ppm AN-125, low pH, high salinity, hydrolysis @70°C (2%NaHCO3 and 
6%NaCl)  
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Figure C.51 3000ppm AN-125, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 and 
1%NaCl) 
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Figure C.52 3000ppm AN-125, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 and 
1%NaCl) 
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Figure C.53 4500ppm AN-125, low pH, high salinity, hydrolysis @45°C (2%NaHCO3 and 
6%NaCl)  
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Figure C.54 4500ppm AN-125, low pH, high salinity, hydrolysis @70°C (2%NaHCO3 and 
6%NaCl)  
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Figure C.55 4500ppm AN-125, low pH, low salinity, hydrolysis @45°C (2%NaHCO3 and 
1%NaCl)  
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Figure C.56 4500ppm AN-125, low pH, low salinity, hydrolysis @70°C (2%NaHCO3 and 
1%NaCl)  
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Appendix D 
Polymer rheology results for core floods in Chapter 6 
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Figure D.1 Polymer (before and after hydrolysis) (a) and glycerin (b) viscosity rheology 
results in core flood #6.1 
 
 
Figure D.2 Dynamic oscillation rheology results of polymer solution before and after 
hydrolysis in core flood #6.1 
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Figure D.3 Dynamic oscillation rheology results of 2500ppm HPAM 3630s with 6000ppm 
NaCl and 5000ppm Na2CO3 at day 0 (a), hydrolyzed at day 5 (b) and 
neutralized with diluted HCl (c). Dynamic oscillation rheology results of 
6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm NaHCO3 (d) in 
core flood #6.2. 
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Figure D.4 Steady sweep rheology results of 2500ppm HPAM 3630s with 6000ppm NaCl 
and 5000ppm Na2CO3 at day 0, hydrolyzed at day 5 and neutralized with 
diluted HCl are shown in (a). Dynamic oscillation rheology results of 
6000ppm HPAM 3130s with 10000ppm NaCl and 1000ppm NaHCO3 (b) in 
core flood #6.2. 
 
Figure D.5 Low salinity polymer (before and after hydrolysis) (a) and high salinity polymer 
viscosity (b) rheology results in core flood #6.3. 
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Figure D.6 Dynamic oscillation rheology results of polymer solution before and after 
hydrolysis in core flood #6.3. 
 
 
Figure D.7 Polymer (before and after hydrolysis) (a) and glycerin (b) viscosity rheology 
results in core flood #6.4. 
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Figure D.8 Dynamic oscillation rheology results of polymer solution before and after 
hydrolysis in core flood #6.4. 
 
 
Figure D.9 Steady sweep rheology results of the 1st and 2nd polymer solutions in core flood 
#6.5. 
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Figure D.10 Dynamic oscillation rheology results of the 1st and 2nd polymer flood solutions 
in core flood #6.5. 
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Figure D.11 Steady sweep rheology results of 7000ppm HPAM 3130s, 9000ppm HPAM 
3130s and 1200ppm HPAM 3630s at the same salinity of 1000ppm NaCl and 
400ppm NaHCO3 are shown in (a), (b) and (c) respectively.  
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Figure D.12 Dynamic oscillation rheology results of 7000ppm HPAM 3130s, 9000ppm 
HPAM 3130s and 1200ppm HPAM 3630s at the same salinity of 10000ppm 
NaCl and 1000ppm NaHCO3 are shown in (a), (b) and (c) respectively.  
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Appendix E 
Polymer rheology results for microfluidic experiments in Chapter 8 
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Figure E.1 Steady sweep rheology results (a) and dynamic oscillation rheology (b) results 
of 2000ppm HPAM 3630s with 2% NaCl.   
 
Figure E.2 Steady sweep rheology results (a) and dynamic oscillation rheology (b) results 
of 1000ppm HPAM 3630s with 2% NaCl.   
 
Figure E.3 Steady sweep rheology results (a) and dynamic oscillation rheology (b) results 
of 1000ppm HPAM 3330s with 2% NaCl.   
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Figure E.4 Steady sweep rheology results (a) and dynamic oscillation rheology (b) results 
of 1000ppm PEO (>5M MW) with 2% NaCl.   
 
Figure E.5 Steady sweep rheology results (a) and dynamic oscillation rheology (b) results 
of 5000ppm PEO (1M MW) with 2% NaCl.   
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Appendix F 
Input file of core flood #1 in Chapter 7 
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CC***************************************************************
**** 
CC                                                                   * 
CC    BRIEF DESCRIPTION OF DATA SET : UTCHEM (VERSION 2017_1)          
 * 
CC                                                                   * 
CC***************************************************************
**** 
CC                                                                   * 
CC  POLYMER FLOOD TEST , 100x1x1                                   * 
CC  S/P Core Flood Simulation                                          * 
CC  LENGTH (FT) : 1               PROCESS : POLYMER  flooding   * 
CC  THICKNESS (FT) : .11                          * 
CC  WIDTH (FT) : .11                COORDINATES : CARTESIAN          * 
CC  POROSITY : 0.29                PORE VOLUME SPECIFICATION        * 
CC  GRID BLOCKS : 100x1x1           COURANT NUMBER SPECIFICATION         
* 
CC  UNIFORM GRIDBLOCK SIZES         WELL SKIN = 0                   * 
CC  2 polymer(0.034 wt%)              * 
CC***************************************************************
**** 
CC 
CC***************************************************************
**** 
CC                                                                   * 
CC    RESERVOIR DESCRIPTION                                          * 
CC                                                                   * 
CC***************************************************************
**** 
CC   
CC 
*----RUNNO 
CORE-P 
CC   
CC 
*----HEADER 
CORE-P  Core Flood assuming a homogeneous permeability field 
polymer flooding 
based on Flopaam 3630S at 25 C 
CC 
CC SIMULATION FLAGS 
  
317 
*---- IMODE IMES IDISPC ICWM ICAP IREACT IBIO  ICOORD ITREAC ITC 
IGAS ieng ILGR IGMAS 
        1    2    3      0    0     0     0      1     0      0    0   0    0    0 
CC 
CC NUMBER OF GRID BLOCKS AND FLAG SPECIFIES CONSTANT OR 
VARIABLE GRID SIZE 
*----NX   NY  NZ  IDXYZ  IUNIT  NWELL_MAX 
     100   1    1   0       0         2 
CC 
CC  CONSTANT GRID BLOCK SIZE IN X, Y, AND Z 
*----DX        DY         DZ 
     0.01      0.147      0.147        
CC 
CC TOTAL NO. OF COMPONENTS, NO. OF TRACERS, NO. OF GEL 
COMPONENTS 
*----N   no NTw nta ngc  ng  noth 
     6    0  0   0  0    0    0 
cc 
cc 
*---- species name 
water 
oil 
surf 
polymer 
anion 
calcium 
CC 
CC FLAG INDICATING IF THE COMPONENT IS INCLUDED IN 
CALCULATIONS OR NOT 
*----ICF(KC) FOR KC=1,N 
     1  1  0  1  0  0 
CC 
CC***************************************************************
**** 
CC                                                                   * 
CC    OUTPUT OPTIONS                                                 * 
CC                                                                   * 
CC***************************************************************
**** 
CC   
CC ICOPSM=0==>ECHO TO UNIT 2; ICUMTM=0==>PV 
PRINTING;istop=1==>PV SPEC 
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CC FLAG TO ECHO THE INPUT, FLAG TO WRITE TO UNIT 5, FLAG FOR 
PV OR DAYS 
*----ICUMTM  istop   IOUTGMS IS3G 
     1       1        0       1 
CC 
CC FLAG INDICATING IF THE PROFILE OF KCTH COMPONENT SHOULD 
BE WRITTEN 
*----IPRFLG(KC),KC=1,N 
     1  1  0  1  1  1 
CC 
CC FLAG FOR PRES,SAT.,TOTAL CONC.,TRACER CONC.,CAP.,GEL, 
ALKALINE PROFILES 
*----IPPRES IPSAT IPCTOT IPBIO IPCAP IPGEL IPALK IPTEMP IPOBS 
IPATERN 
      1      1      1      0      0     0    0     0     0     0 
CC 
CC FLAG FOR WRITING SEVERAL PROPERTIES TO UNIT 6 (PROFIL) 
*----ICKL IVIS IPER ICNM ICSE  IHYSTP   IFOAMP  INONEQ 
      1   1    1    0    0     0        0 0 
CC 
CC FLAG FOR WRITING SEVERAL PROPERTIES TO UNIT 6 (PROFIL) 
*----IADS  IVEL IRKF IPHSE ISHC 
      1    0    1    0    0 
CC 
CC***************************************************************
**** 
CC                                                                   * 
CC    RESERVOIR PROPERTIES                                           * 
CC                                                                   * 
CC***************************************************************
**** 
CC   
CC 
CC MAX. SIMULATION TIME ( pore volume ) 
*---- TMAX   
      5.5       
CC 
CC ROCK COMPRESSIBILITY (1/PSI), STAND. PRESSURE(PSIA) 
*----COMPR   PSTAND 
      0.      0. 
CC 
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CC FLAGS INDICATING CONSTANT OR VARIABLE POROSITY, X,Y,AND 
Z PERMEABILITY 
*----IPOR1 IPERMX IPERMY IPERMZ  IMOD    ITRANZ  INTG  IACTNUM  
ICUTOFF 
       0      0     3      3      0       0      0      0         0 
CC 
CC CONSTANT POROSITY 
*----PORC1 
     .21             
CC 
CC CONSTANT X-PERMEABILITY (MILIDARCY) FOR LAYER K = 1,NZ 
*----PERMX   
      2188 
CC 
CC Y DIRECTION PERMEABILITY IS DEPENDENT ON X DIRECTION 
PERMEABILITY 
*---- CONSTANT PERMEABILITY MULTIPLIER FOR Y DIRECTION 
PERMEABILITY 
        1  
CC 
CC Z DIRECTION PERMEABILITY IS DEPENDENT ON X DIRECTION 
PERMEABILITY 
*---- CONSTANT PERMEABILITY MULTIPLIER FOR Z DIRECTION 
PERMEABILITY 
        1 
CC 
CC FLAG FOR CONSTANT OR VARIABLE DEPTH, PRESSURE, WATER 
SATURATION 
*----IDEPTH  IPRESS  ISWI  ICWI IPORINTERP 
      0        0       0    -1    0 
CC 
CC CONSTANT DEPTH (FT) 
*----D111 
     0. 
CC 
CC CONSTANT PRESSURE (PSIA) 
*----PRESS1 
    14.7 
CC 
CC CONSTANT INITIAL WATER SATURATION (residual oil) 
*----SWI 
    0.284 
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CC 
CC CONSTANT CHLORIDE AND CALCIUM CONCENTRATIONS 
(MEQ/ML) 
*----C50       C60 
    0.188     0 
CC 
CC***************************************************************
**** 
CC                                                                   * 
CC    PHYSICAL PROPERTY DATA                                         * 
CC                                                                   * 
CC***************************************************************
**** 
CC 
CC 
CC OIL CONC. AT PLAIT POINT FOR TYPE II(+)AND TYPE II(-), CMC 
*---- C2PLC   C2PRC  EPSME    IHAND 
      0.      1.     .001    0 
cc 
cc 
*---- IFGHBN 
       0 
CC SLOPE AND INTERCEPT OF BINODAL CURVE AT ZERO, OPT., AND 
2XOPT SALINITY 
CC FOR ALCOHOL 1 
*----HBNS70 HBNC70 HBNS71 HBNC71 HBNS72 HBNC72 
     0.0     0.065     0.    0.06  0.     0.08 
CC SLOPE AND INTERCEPT OF BINODAL CURVE AT ZERO, OPT., AND 
2XOPT SALINITY 
CC FOR ALCOHOL 2 
*----HBNS80 HBNC80 HBNS81 HBNC81 HBNS82 HBNC82 
     0.     0.     0.     0.     0.     0. 
CC 
CC LOWER AND UPPER EFFECTIVE SALINITY FOR ALCOHOL 1 AND 
ALCOHOL 2 
*----CSEL7  CSEU7  CSEL8  CSEU8 
     .282    0.316  0.     0. 
CC 
CC THE CSE SLOPE PARAMETER FOR CALCIUM AND ALCOHOL 1 AND 
ALCOHOL 2 
*----BETA6  BETA7  BETA8 
     0.8     -2.    0. 
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CC 
CC FLAG FOR ALCOHOL PART. MODEL AND PARTITION COEFFICIENTS 
*----IALC  OPSK7O  OPSK7S  OPSK8O  OPSK8S 
     0     0.      0.      0.      0. 
CC 
CC NO. OF ITERATIONS, AND TOLERANCE 
*----NALMAX   EPSALC 
     20       .0001 
CC 
CC ALCOHOL 1 PARTITIONING PARAMETERS IF IALC=1 
*----AKWC7   AKWS7  AKM7  AK7     PT7 
     4.671   1.79   48.   35.31   .222  
CC 
CC ALCOHOL 2 PARTITIONING PARAMETERS IF IALC=1 
*----AKWC8   AKWS8  AKM8  AK8     PT8 
     0.      0.     0.    0.      0. 
cc 
cc 
*--- ift 
     0 
CC 
CC INTERFACIAL TENSION PARAMETERS 
*----G11  G12     G13   G21   G22    G23 
     13.  -14.8   .007  13.   -14.5  .010 
CC 
CC LOG10 OF OIL/WATER INTERFACIAL TENSION  
*----XIFTW 
     1.3 
CC 
CC mass transfer flag 
*----imassa  ICOR 
     0      0 
cc 
cc 
*--- IWALT  IWALF  
      0      0     
CC 
CC CAPILLARY DESATURATION PARAMETERS FOR PHASE 1, 2, AND 3 
*----ITRAP   T11        T22        T33   irperm 
     0       1865.      59074      364.2     0 
CC 
CC relative perm. flag (0:imbibition corey,1:first drainage corey 
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*----iperm    IREGION 
     0          0 
CC 
CC FLAG FOR CONSTANT OR VARIABLE REL. PERM. PARAMETERS 
*----ISRW  IPRW  IEW 
     0      0    0 
CC 
CC CONSTANT RES. SATURATION OF PHASES 1,2,AND 3 AT LOW 
CAPILLARY NO. 
*----S1RWC  S2RWC  S3RWC 
      0.284   0.348    0.35 
CC 
CC CONSTANT ENDPOINT REL. PERM. OF PHASES 1,2,AND 3 AT LOW 
CAPILLARY NO. 
*----P1RW  P2RW  P3RW 
      .12    .854    .1 
CC 
CC CONSTANT REL. PERM. EXPONENT OF PHASES 1,2,AND 3 AT LOW 
CAPILLARY NO. 
*----E1W    E2W    E3W 
      2    1.52    2 
CC 
CC WATER AND OIL VISCOSITY , RESERVOIR TEMPERATURE 
*----VIS1   VIS2  TEMPV   ivfm 
     0.95    9.6     0.    0 
CC 
CC VISCOSITY PARAMETERS 
*----IMEVIS ALPHA1 ALPHA2  ALPHA3  ALPHA4  ALPHA5  
     1       2.     2.      0.    .9      .7        
CC 
CC PARAMETERS TO CALCULATE POLYMER VISCOSITY AT ZERO 
SHEAR RATE 
*----AP1     AP2     AP3 
     4160     0     0   
CC 
CC PARAMETER TO COMPUTE CSEP,MIN. CSEP, AND SLOPE OF LOG 
VIS. VS. LOG CSEP  
*----BETAP CSE1  SSLOPE 
      10    0.188   -0.422 
CC 
CC PARAMETER FOR SHEAR RATE DEPENDENCE OF POLYMER 
VISCOSITY 
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*----GAMMAC  GAMHF  POWN    IPMOD   ISHEAR  RWEFF  GAMHF2 
IGAMC  ipolmve 
     20     0.155    1.67      0      0        0.25    0.0   0       1 
CC 
CC---slope_de    a_taur,  alpha_taur    
       -0.1729   3.98e-8     2.35      
cc 
CC FLAG FOR POLYMER PARTITIONING, PERM. REDUCTION 
PARAMETERS 
*----IPOLYM EPHI3 EPHI4 BRK    CRK    RKCUT 
     1      1.    1    100.   0      10 
CC 
CC SPECIFIC WEIGHT FOR COMPONENTS 1,2,3,7,AND 8 , AND GRAVITY 
FLAG 
*----DEN1  DEN2  den23   DEN3 DEN7 DEN8 IDEN 
     .433  .377 0.388   .42  .346  0.  2 
CC 
CC  FLAG FOR CHOICE OF UNITS ( 0:BOTTOMHOLE CONDITION , 1: 
STOCK TANK) 
*-----ISTB 
      0 
CC 
CC COMPRESSIBILITY FOR VOL. OCCUPYING COMPONENTS 
1,2,3,7,AND 8  
*----COMPC(1)  COMPC(2)  COMPC(3)  COMPC(7)  COMPC(8) 
     0.00000      0.0000        0.        0.        0. 
CC 
CC CONSTANT OR VARIABLE PC PARAM., WATER-WET OR OIL-WET PC 
CURVE FLAG  
*----ICPC   IEPC  IOW  
     0       0     0 
CC 
CC CAPILLARY PRESSURE PARAMETERS, CPC  
*----CPC  
     0.  
CC 
CC CAPILLARY PRESSURE PARAMETERS, EPC  
*---- EPC 
      2. 
CC 
CC MOLECULAR DIFFUSIVITY OF KCTH COMPONENT IN PHASE 1 
(D(KC),KC=1,N) 
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*----D(1) D(2) D(3) D(4) D(5) D(6) D(7) D(8) D(9) D(10) D(1 
     0.   0.   0.   0.    0.  0. 
CC 
CC MOLECULAR DIFFUSIVITY OF KCTH COMPONENT IN PHASE 2 
(D(KC),KC=1,N) 
*----D(1) D(2) D(3) D(4) D(5) D(6) D(7) D(8) D(9)  D(10)  D(11) 
     0.   0.   0.   0.   0.   0.   
CC 
CC MOLECULAR DIFFUSIVITY OF KCTH COMPONENT IN PHASE 3 
(D(KC),KC=1,N) 
*----D(1) D(2) D(3) D(4) D(5) D(6) D(7) D(8) D(9) D(10)  D(11) 
     0.   0.   0.   0.   0.   0.    
CCmojdeh 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 1 
*----ALPHAL(1)     ALPHAT(1) 
     0.00          0.0000 
CC 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 2 
*----ALPHAL(2)     ALPHAT(2) 
     0.00          0.0000 
CC 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 3 
*----ALPHAL(3)     ALPHAT(3) 
     0.00         0.0000 
cc 
cc 
*--- IADSO 
     0 
CC 
CC SURFACTANT AND POLYMER ADSORPTION PARAMETERS 
*----AD31  AD32  B3D    AD41   AD42  B4D      iadk   iads1   fads refk    IADSP 
IADSS   AD71   AD72  B7D 
    5.5    0.25   1000.  0.1    0.1    100.       0       0     0    50  0       0    0       0    1000 
CC 
CC PARAMETERS FOR CATION EXCHANGE OF CLAY AND 
SURFACTANT 
*----QV     XKC   XKS  EQW 
     0.0    0.   0.  804. 
CC 
CC***************************************************************
**** 
CC                                                                  * 
  
325 
CC    WELL DATA                                                      * 
CC                                                                  * 
CC***************************************************************
**** 
CC 
CC 
CC flag for right and left boundary 
*---- ibound   IZONE 
      0         0 
CC   
CC TOTAL NUMBER OF WELLS, WELL RADIUS FLAG, FLAG FOR TIME 
OR COURANT NO. 
*----NWREL   IRO   ITIME  NWELR IFLAGN ISOLVER 
      2      2      1     2       0      0 
CC 
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   KW   IFLAG    RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
      1    1    1     1      .003      0      3      1      1        0 
CC 
CC WELL NAME 
*---- WELNAM 
INJECTOR 
CC 
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
     0       0.0     1251.   0.0     4000. 
CC 
CC WELL ID, LOCATION, AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   KW   IFLAG    RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
      2   100   1     2     .003        0     3      1        1       0 
CC 
CC WELL NAME 
*---- WELNAM 
PRODUCER 
CC 
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
     0       0.0     1251.   0.0     4000. 
cc     
cc First Slug   
  
326 
CCmojdeh---------2---------3---------4---------5---------6---------7---------8 
CC id,INJ. RATE AND INJ. COMP. FOR RATE CONS. WELLS FOR EACH 
PHASE(L=1,3)(SURFACTANT SLUG) 
*----id  QI(M,L)  C(M,KC,L)   
     1   0.005      1    0.   0.0    0.   0.188    0. 
     1     0.        0.    0.   0.    0.    0.    0.      
     1     0.        0.    0.   0.    0.    0.    0.     
CC  
cc bottom hole pressure for injector 
cc     1  24.7 
cc  
CC id, BOTTOM HOLE PRESSURE FOR PRESSURE CONSTRAINT WELL 
(IFLAG=2 or 3) 
*----id   PWF 
     2     14.7 
CC  PV times  2 PV polymer inj 
CC CUM. INJ. TIME , AND INTERVALS (PV OR DAY) FOR WRITING TO 
OUTPUT FILES 
*----TINJ  CUMPR1  CUMHI2 WRHPV(HIST) WRPRF(PLOT) RSTC 
     3.5    0.1     0.1     0.01       0.05       0.5 
CC 
CC FOR IMES=2 ,THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. 
time steps 
*----DT     DCLIM   CNMAX   CNMIN     
     0.000001     0.002   0.1   0.0005 
CC 
cc Second slug  
CC  
*--- IBMOD 
      0 
CC34567890---------2---------3---------4---------5---------6---------7---------8 
CC IRO, ITIME, NEW FLAGS FOR ALL THE WELLS (POLYMER DRIVE) 
*---- IRO ITIME IFLAG 
       2   1     1  2 
CC   
CC NUMBER OF WELLS changes IN LOCATION OR SKIN OR PWF 
*----NWEL1 
      0 
CC   
CC NUMBER OF WELLS WITH RATE changes, id 
*----NWEL1   Id 
     1        1 
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CC 
CCmojdeh---------2---------3---------4---------5---------6---------7---------8 
CC id,INJ. RATE AND INJ. COMP. FOR RATE CONS. WELLS FOR EACH 
PHASE(L=1,3)(SURFACTANT SLUG) 
*----id  QI(M,L)  C(M,KC,L)   
     1   0.005      1    0.   0.0  0.25   0.188   0. 
     1     0.        0.    0.   0.    0.    0.    0.      
     1     0.        0.    0.   0.    0.    0.    0.     
CC  
cc bottom hole pressure for injector 
cc     1  24.7 
cc  
CC id, BOTTOM HOLE PRESSURE FOR PRESSURE CONSTRAINT WELL 
(IFLAG=2 or 3) 
*----id   PWF 
cc     2     14.7 
CC  PV times  0.75 PV polymer inj 
CC CUM. INJ. TIME , AND INTERVALS (PV OR DAY) FOR WRITING TO 
OUTPUT FILES 
*----TINJ  CUMPR1  CUMHI2 WRHPV(HIST) WRPRF(PLOT) RSTC 
     5.5    0.1     0.1     0.01       0.1       0.5 
CC 
CC FOR IMES=2 ,THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. 
time steps 
*----DT     DCLIM   CNMAX   CNMIN     
     0.000001     0.002   0.1   0.0005 
CC 
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CC***************************************************************
******************************** 
CC                                                                                              * 
CC     BRIEF DESCRIPTION OF DATA SET : UTCHEM2011                                               
* 
CC                                                                                              * 
CC***************************************************************
******************************** 
CC   5-spot  pilot                                                          *  
CC                                   
* 
CC                                                                                              * 
CC  LENGTH (FT) : 210 ft            PROCESS:P                                                 * 
CC  THICKNESS (FT) : 150 ft         INJ. RATE (FT3/DAY) :                                       * 
CC  WIDTH (FT) : 180 ft             COORDINATES : CARTESIAN                                     
* 
CC  POROSITY : variable             PROD. RATE (FT3/DAY):                                       * 
CC  GRID BLOCKS : 11x11x10          1BBL=5.615 cubic feet                                                    
* 
CC  DATE : 2017                                              * 
CC                                                                                              * 
CC***************************************************************
******************************** 
CC                                   * 
CC***************************************************************
******************************** 
CC                                                                                              * 
CC    RESERVOIR DESCRIPTION                                                                     * 
CC                                                                                              * 
CC***************************************************************
******************************** 
CC 
CC 
*----RUNNO  (title) 
Polym1 
CC   
CC 
*----HEADER  (need 3 lines) 
Npolym1 
test viscoelastic model 
waterflood (90 d) + polymer flood (150 d) , waterflood 
CC  
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CC SIMULATION FLAGS  
*-------IMODE    IMES    IDISPC ICWM ICAP IREACT
 IBIO ICOORD ITREAC ITC IGAS ieng   ilgr  igas 
      1       3      0     0        0    1 0        1   0      0   
0    0        0    0  
CC 
CC NUMBER OF GRID BLOCKS AND FLAG SPECIFIES CONSTANT OR 
VARIABLE GRID SIZE 
*----NX   NY  NZ  IDXYZ  IUNIT  nwell 
     22   22   8   2       0         5 
CC 
CC  CONSTANT GRID BLOCK SIZE IN X, Y, AND Z  (in ft) 
*----DX       
 22*16.4 
CC 
CC  CONSTANT GRID BLOCK SIZE IN X, Y, AND Z  (in ft) 
*----DY       
 22*16.4 
CC 
CC  CONSTANT GRID BLOCK SIZE IN X, Y, AND Z  (in ft) 
*----DZ   
 8*1.64 
CC 
CC TOTAL NO. OF COMPONENTS, NO. OF TRACERS, NO. OF GEL 
COMPONENTS 
*------ N no NTw nta ngc ng noth 
 6 0 0 0 0 0 0 
CC   
CC  All species must be present even for standard waterflood. 
*---- species name   
WATER 
OIL 
SURFACTANT 
POLYMER 
ANION 
CALCIUM 
CC  
CC FLAG INDICATING IF THE COMPONENT IS INCLUDED IN 
CALCULATIONS OR NOT 
*----ICF(KC) FOR KC=1,N 
     1  1  0  1  1  0   
CC 
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CC***************************************************************
**** 
CC                                                                   * 
CC    OUTPUT OPTIONS                                              * 
CC                                                                   * 
CC***************************************************************
**** 
CC    
CC  
CC FLAG TO ECHO THE INPUT, FLAG TO WRITE TO UNIT 5, FLAG FOR 
PV OR DAYS 
*----ICUMTM  ISTOP   IOUTGMS  IS3G 
       0       0        0    2 
CC 
CC FLAG INDICATING IF THE PROFILE OF KCTH COMPONENT SHOULD 
BE WRITTEN 
*----IPRFLG(KC),KC=1,N 
     1  1  0  1  1  1  0 
CC 
CC FLAG FOR PRES,SAT.,TOTAL CONC.,TRACER CONC.,CAP.,GEL, 
ALKALINE PROFILES 
*----IPPRES IPSAT IPCTOT IPBIO IPCAP IPGEL IPALK IPTEMP     IPOBS   
ipatern 
      1      1      1      0      0     0    0    0     0      0       0  
CC   
CC FLAG FOR WRITING SEVERAL PROPERTIES TO UNIT 6 (PROFIL) 
*----ICKL IVIS IPER ICNM ICSE  IHYSTP   IFOAMP  INONEQ 
      1   1    1    1    0     0        0      0 
CC 
CC FLAG FOR WRITING SEVERAL PROPERTIES TO UNIT 6 (PROFIL) 
*----IADS  IVEL IRKF IPHSE ishc 
      1    1    1   0      0 
CC 
CC***************************************************************
**** 
CC                                                                   * 
CC    RESERVOIR PROPERTIES                                           * 
CC                                                                   * 
CC***************************************************************
**** 
CC   
CC   
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CC MAX. SIMULATION TIME  
*----- TMAX (days)    
    240 
CC 
CC ROCK COMPRESSIBILITY (1/PSI), STAND. PRESSURE(PSIA) 
*----COMPR   PSTAND   
      3.6e-6      1620  
CC   
CC  FLAGS INDICATING CONSTANT OR VARIABLE POROSITY, X,Y,AND 
Z PERMEABILITY 
*----IPOR1 IPERMX IPERMY IPERMZ  IMOD  ITRANZ  INTG  iactnum icutoff 
       4      4     4      4     0      0       0       0    0 
CC  
CC FLAG FOR CONSTANT OR VARIABLE DEPTH, PRESSURE, WATER 
SATURATION 
*----IDEPTH  IPRESS  ISWI  ICWI iporinterp 
      4        1       4    -1    0 
CC    
CC  
*----IPRESS  DEPTH  
     1304     2457.06 
CC 
CC CONSTANT CHLORIDE AND CALCIUM CONCENTRATIONS 
(MEQ/ML)  
*----C50       C60 
    0.118    0 
CC 
CC***************************************************************
**** 
CC                                   
CC PHYSICAL PROPERTY DATA                                          
CC                                                                   
CC***************************************************************
**** 
CC 
CC   
CC OIL CONC. AT PLAIT POINT FOR TYPE II(+) AND TYPE II(-), CMC (do 
not change) 
*---- C2PLC   C2PRC  EPSME    IHAND   ICMC  
      0.      1.     0.0001     0   0 
CC 
CC 
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*---- IFGHBN 
       0 
CC  
CC SLOPE AND INTERCEPT OF BINODAL CURVE AT ZERO, OPT., AND 
2XOPT SALINITY 
*----   HBNS70 HBNC70 HBNS71 HBNC71 HBNS72
 HBNC72 
 0. .08 0. .025 0.0 .08 
CC SLOPE AND INTERCEPT OF BINODAL CURVE AT ZERO, OPT., AND 
2XOPT SALINITY 
CC FOR ALCOHOL 2 
*----HBNS80 HBNC80 HBNS81 HBNC81 HBNS82 HBNC82 
     0.     0.045     0.     0.014     0.     0.045 
CC  
CC LOWER AND UPPER EFFECTIVE SALINITY FOR ALCOHOL 1(7) AND 
ALCOHOL 2 (8) 
*----   CSEL7 CSEU7 CSEL8 CSEU8 
 0.4717 0.6604 0.094 0.1887  
CC  
CC THE CSE SLOPE PARAMETER FOR CALCIUM AND ALCOHOL 1 AND 
ALCOHOL 2 
*----BETA6  BETA7  BETA8 
     0.0     0     0.0 
CC  
CC FLAG FOR ALCOHOL PART. MODEL AND PARTITION COEFFICIENTS 
*----IALC  OPSK7O  OPSK7S  OPSK8O  OPSK8S 
     0     0.0      0      0.      0. 
CC 
CC NO. OF ITERATIONS, AND TOLERANCE 
*----NALMAX   EPSALC 
     20       .0001 
CC  
CC ALCOHOL 1 PARTITIONING PARAMETERS IF IALC=1  (leave as is) 
*----AKWC7   AKWS7  AKM7  AK7     PT7 
     4.671    1.79   48   35.31  0.222  
CC 
CC ALCOHOL 2 PARTITIONING PARAMETERS IF IALC=1 
*----AKWC8   AKWS8  AKM8  AK8     PT8 
     0.      0.     0.    0.      0. 
CC 
CC  0 = Healy and Reed and 1 is Chun-Huh 
*--- ift 
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     1 
CC 
CC INTERFACIAL TENSION PARAMETERS 
*----CHUH  AHUH   
     0.3   10.   
CC 
CC LOG10 OF OIL/WATER INTERFACIAL TENSION  
*----XIFTW 
     1.146 
CC 
CC mass transfer flag 
*----imass   ICOR 
     0        0 
cc 
cc 
*--- IWALT    IWALF 
       0       0 
CC 
CC CAPILLARY DESATURATION PARAMETERS FOR PHASE 1, 2, AND 3 
*----   ITRAP       T11    T22  T33 
       0   1865 59074   364.2      0 
CC 
CC relative perm. flag (0:imbibition corey,1:first drainage corey 
*----iperm     IRTYPE      
     0          1 
CC 
CC 
*--- NREGION 
      1 
CC  
CC S1RW(I), S2RW(I), S3RW(I), for I=1, NREGION AT LOW CAPILLARY 
NO. 
*----S1RW(I) S2RW(I) S3RW(I) 
     0.04 0.2 0.04  
CC 
CC P1RW(I), P2RW(I), P3RW(I), for I=1, NREGION AT LOW CAPILLARY 
NO. 
*---- P1RW(I), P2RW(I), P3RW(I) 
      0.6 0.93 0.6 
CC   
CC E1W(I), E2W(I), E3W(I), for I=1, NREGION AT LOW CAPILLARY NO. 
*----E1W(I), E2W(I), E3W(I) 
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     2.36 3.0 2.36 
CC 
CC WATER AND OIL VISCOSITY at reference temperature, RESERVOIR 
TEMPERATURE (leave zero) 
*----VIS1   VIS2  TEMPV  ivfm 
     0.48    17     0.   0 
CC  
CC MICROEMULSION VISCOSITY PARAMETERS  
*---- imevis     ALPHA1 ALPHA2  ALPHA3  ALPHA4  ALPHA5 
    1     1.25    1.25   0.5  0.5 0.5 
CC  
CC PARAMETERS TO CALCULATE POLYMER VISCOSITY AT ZERO 
SHEAR RATE 
*----AP1      AP2     AP3 
     190.8     191     14082.6 
CC  
CC PARAMETER TO COMPUTE CSEP,MIN. CSEP, AND SLOPE OF LOG 
VIS. VS. LOG CSEP  
*----BETAP CSE1  SSLOPE 
     10    0.118   -0.778 
CC  
CC PARAMETER FOR SHEAR RATE DEPENDENCE OF POLYMER 
VISCOSITY 
*----GAMMAC     GAMHF   POWN   IPMOD    ISHEAR    RWEFF  
GAMHF2   igam   ipolmve 
 24  0.7  1.8    0  0          0.4 0.0     0    1  
CC    
CC---slope_de    a_taur,  alpha_taur    
       -0.1729   1.7e-6    2.3497      
cc     
CC FLAG FOR POLYMER (4) PARTITIONING, PERM. REDUCTION 
PARAMETERS 
*----IPOLYM EPHI3 EPHI4   BRK    CRK    rkcut 
 1      0.68  0.9   100  0.015 10 
CC    
CC SPECIFIC WEIGHT FOR COMPONENTS 1,2,3,7,AND 8 , AND GRAVITY 
FLAG 
*----DEN1  DEN2  den23   DEN3 DEN7 DEN8 IDEN 
     .44   .4065  0.4065   .42 .346  0.   2 
CC 
CC  FLAG FOR CHOICE OF UNITS ( 0:BOTTOMHOLE CONDITION , 1: 
STOCK TANK) 
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*-----ISTB 
      1 
CC 
CC  FVF FOR PHASE 1,2,3 
*-----(FVF(L),L=1,NPHAS) 
      1    1    1 
CC         
CC COMPRESSIBILITY FOR VOL. OCCUPYING COMPONENTS 
1,2,3,7,AND 8  
*----COMPC(1)  COMPC(2)  COMPC(3)  COMPC(7)  COMPC(8) 
          2.7e-6        4.96e-5         0         0         0  
CC 
CC CONSTANT OR VARIABLE PC PARAM., WATER-WET OR OIL-WET PC 
CURVE FLAG  
*----IOW  
     0 
CC 
CC CPC(K,1,1), EPC(K,1,1), for K=1, NREGION 
*----CPC EPC  
     0  2  
CC 
CC MOLECULAR DIFFUSIVITY OF KCTH COMPONENT IN PHASE 1 
(D(KC),KC=1,N) 
*----   D(1) D(2) D(3) D(4) D(5) D(6) D(7) D(8) D(9) D(10)
 D(11) D(12) 
 0 0 0 0 0 0 0 0 0 0
 0 0 
CC 
CC MOLECULAR DIFFUSIVITY OF KCTH COMPONENT IN PHASE 2 
(D(KC),KC=1,N) 
*----   D(1) D(2) D(3) D(4) D(5) D(6) D(7) D(8) D(9) D(10)
 D(11) D(12) 
 0 0 0 0 0 0 0 0 0 0
 0 0 
CC 
CC MOLECULAR DIFFUSIVITY OF KCTH COMPONENT IN PHASE 3 
(D(KC),KC=1,N) 
*----   D(1) D(2) D(3) D(4) D(5) D(6) D(7) D(8) D(9) D(10)
 D(11) D(12) 
 0 0 0 0 0 0 0 0 0 0
 0 0 
CC  
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CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY (ft) OF PHASE 1 
*----ALPHAL(1)     ALPHAT(1) 
        0.02          0.00  
CC  
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 2 
*----ALPHAL(2)     ALPHAT(2) 
        0.02          0.00  
CC 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 3 
*----ALPHAL(3)     ALPHAT(3) 
        0.02          0.00  
CC 
CC 
*--- IADSO 
     0 
CC   
CC SURFACTANT AND POLYMER ADSORPTION PARAMETERS 
*---- AD31 AD32 B3D    AD41 AD42 B4D IADs0  IADS1
 FADS REFK  IADSP IADSS   AD71   AD72  B7D 
     1 0.1   1000 1.5 0.1     100  0      0       0     50       0   0       
0       0      100 
cc 
cc 
*---- QV 
      0   0   0   300 
CC 
CC***************************************************************
**** 
CC                                                                   
CC  WELL DATA    
CC                                                         
CC***************************************************************
**** 
CC 
CC 
CC flag for right and left boundary 
*---- ibound   IZONE 
      0         0 
CC    
CC TOTAL NUMBER OF WELLS, WELL RADIUS FLAG, FLAG FOR TIME 
OR COURANT NO. 
*----NWELL   IRO   ITIME  NWELR  iflgn  isolver 
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      5       2      1     5       0      0 
CC 4/10/2009 
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   JW   IFLAG   RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
       1   8   10     2     0.26    0      3     1       8       0 
CC  
CC WELL NAME 
*---- WELNAM 
Prod 
CC  
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
     0       300.0    1300.0  0.0     14036.5    
CC 
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   JW   IFLAG    RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
      2   1    22    1       0.26     0     3      1       8       0 
CC 
CC WELL NAME 
*---- WELNAM 
Inj1 
CC 
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
      0       300.0    1300.0  0.0    100000  
CC  
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   JW   IFLAG    RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
      3   22    1    1       0.26     0      3      1      8        0 
CC 
CC WELL NAME 
*---- WELNAM 
Inj2 
CC    
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
     0       300.0      1300.   0.0    100000  
CC  
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CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   JW   IFLAG    RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
      4   18    22    1       0.26     0     3      1      8       0 
CC 
CC WELL NAME 
*---- WELNAM 
Inj3 
CC   
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
     0       300.0      1300.   0.0     100000  
CC  
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, 
WELL RADIUS, SKIN 
*----IDW  IW   JW   IFLAG    RW     SWELL  IDIR  IFIRST   ILAST    IPRF 
      5   1    1    1       0.26     0     3      1     8      0 
CC 
CC WELL NAME 
*---- WELNAM 
Inj4 
CC   
CC MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*----ICHEK   PWFMIN   PWFMAX  QTMIN   QTMAX 
     0       300.0      1300.   0.0    100000  
CC 
CC   Pressure constrained producer 
*----WELL ID   PWF 
     1         1500 
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation    
     2 1400 1. 0. 0. 0. 0.118 0.0  
     2    0. 0. 0. 0. 0. 0. 0.  
     2    0. 0. 0. 0. 0. 0. 0.  
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation  
     3 1400 1. 0. 0. 0. 0.118 0.0  
     3    0. 0. 0. 0. 0. 0. 0.  
     3    0. 0. 0. 0. 0. 0. 0.  
CC 
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CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation  
     4 1400 1. 0. 0. 0. 0.118 0.0  
     4    0. 0. 0. 0. 0. 0. 0.  
     4    0. 0. 0. 0. 0. 0. 0.  
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation    
     5 1400 1. 0. 0. 0. 0.118 0.0  
     5    0. 0. 0. 0. 0. 0. 0.  
     5    0. 0. 0. 0. 0. 0. 0.  
CC  
CC CUM. INJ. TIME , AND INTERVALS (PV OR DAY) FOR WRITING TO 
OUTPUT FILES (3.7.8) 
*----TINJ      CUMPR1  CUMHI2  WRHPV(HIST) WRPRF(PLOT) RSTC 
     90        5  5        5         5          150 
CC  
CC FOR IMES=2 ,THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. 
time steps 
*----DT             DCLIM     CNMAX   CNMIN     
     0.00001        6*0.4       0.4     0.01 
CC****************************************  INJECT PF @ 1500 ppm  
********************************************************* 
CC FLAG FOR INDICATING BOUNDARY CHANGE 
*---- IBMOD 
        0  
CC 
CC  IRO, ITIME, NEW FLAGS FOR ALL THE WELLS 
*----  IRO    ITIME     IFLAG   
        2       1        2  1  1  1  1 
CC 
CC  NUMBER OF WELLS CHANGES IN LOCATION OR SKIN OR PWF 
*----  NWEL1 
         0  
CC 
CC  NUMBER OF WELLS WITH RATE CHANGES, ID 
*---- NWEL2     ID       
        4        2 3 4 5            
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation   
     2 1400 1. 0. 0. 0.25 0.118  0.0  
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     2    0. 0. 0. 0. 0. 0. 0.  
     2    0. 0. 0. 0. 0. 0. 0.  
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation  
     3 1400 1. 0. 0. 0.25 0.118  0.0  
     3    0. 0. 0. 0. 0. 0. 0.  
     3    0. 0. 0. 0. 0. 0. 0.  
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation  
     4 1400 1. 0. 0. 0.25 0.118  0.0  
     4    0. 0. 0. 0. 0. 0. 0.  
     4    0. 0. 0. 0. 0. 0. 0.  
CC 
CC   Rate constrained injector 
*--  ID QI(M,L) water oil surf polymer anion cation    
     5 1400 1. 0. 0. 0.25 0.118  0.0  
     5    0. 0. 0. 0. 0. 0. 0.  
     5    0. 0. 0. 0. 0. 0. 0.  
CC  
CC CUM. INJ. TIME , AND INTERVALS (PV OR DAY) FOR WRITING TO 
OUTPUT FILES (3.7.8) 
*----TINJ      CUMPR1  CUMHI2  WRHPV(HIST) WRPRF(PLOT) RSTC 
     240       5  5       5         5           1352 
CC  
CC FOR IMES=2 ,THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. 
time steps 
*----DT             DCLIM     CNMAX   CNMIN     
     0.00001        6*0.4       0.4     0.005 
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